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Figure 9 

Table. Leukocyte Infiltration in Murine Peritonitis: Actions of PD1 and Chemically 
Stable Analog 
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Figure 10 

Table I. Characteristics of Subjects 

Healthy Asthma Exacerbation 
Sample size (n) 3 4 
Age (yrs) 28+/- I 41 +/- 6 
MF 1:2 22 

Race 3 other 2 Caucasian, 1 African 
American, 1 other 

*EBC was collected from individuals in the emergency department with an acute asthma 
cxacerbation and a control group of healthy Subjects (Sec Mcthods). Plus-minus values are 
means +/- SD. 
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ANTI-NFLAMMATORY ACTIONS OF 
NEUROPROTECTIND1APROTECTIND1 AND 

ITS NATURAL STEREOSOMERS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional application of U.S. appli 
cation Ser. No. 12/089,141, now U.S. Pat. No. 8,273,792, 
filed Aug. 4, 2008, which is a Section 371 National Stage 
Application of International No. PCT/US2006/38326, filed 
Oct. 3, 2006, which claims benefit under 35 U.S.C. S 119(e) to 
provisional U.S. application Ser. Nos. 60/723,052, filed Oct. 
3, 2005, entitled “Anti-Inflammatory Actions of Neuroptectin 
D1/Protectin D1 and Its Natural Stereoisomers' and 60/749, 
786, filed Dec. 13, 2005, entitled 'Anti-Inflammatory Actions 
of Neuroptectin D1/Protectin D1 and Its Natural Stereoiso 
mers', the contents of both are incorporated herein by refer 
ence in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

The work leading to this invention was Supported in part by 
National Institutes of Health (NIH) grants GM38765, P50 
DE016.191, HL068669 and AIO68084. The U.S. Government 
therefore may have certain rights in the invention. 

FIELD OF THE INVENTION 

Protectin D1, neuroprotectin D1 when generated by neural 
cells, is a member of a new family of bioactive products 
generated from docosahexaenoic acid (1-3). The complete 
stereochemistry of protectin D1 (10,17S-docosatriene), 
namely chirality of the carbon 10 alcohol and geometry of the 
conjugated triene, required for bioactivity remained to be 
assigned. To this end, PD1 generated by human neutrophils 
during murine peritonitis and neural tissues was separated 
from natural isomers and subject to LC-MS-MS and GC-MS. 
Comparisons with six 10,17-dihydroxydocosatrienes pre 
pared by total organic and biogenic synthesis showed that 
PD1 from human cells carrying potent bioactivity is 10R, 
17S-dihydroxy-docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic 
acid. Additional isomers identified included trace amounts of 
A 15-trans-PD1 (isomer III), 10S,17S-dihydroxy-docosa-4Z, 
7Z,11E,13Z,15E, 197-hexaenoic acid (isomer IV), and a 
double dioxygenation product 10S,17S-dihydroxy-docosa 
4Z.7Z,11E,13Z,15E, 197-hexaenoic acid (isomer I), present 
in exudates. O. labeling showed that 10S,17S-diHDHA 
(isomer I) carried 'O in the 10-position alcohol, indicating 
sequential lipoxygenation, whereas PD1 formation pro 
ceeded via an epoxide. PD1 at 10 nM attenuated (-50%) 
human neutrophil transmigration while 415-trans-PD1 was 
essentially inactive. PD1 was a potent regulator of PMN 
infiltration (~40% at 1 ng/mouse) in peritonitis. The rank 
order at 1-10 ng dose was PD1 spD1 methyl esterda 15 
trans PD1 >10S,17S-diHDHA (isomer I). 10S, 17S-dihy 
droxy-docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic acid (iso 
mer VI) proved aPD1 in blocking PMN infiltration but was 
not a major product of leukocytes. PD1 also reduced PMN 
infiltration after initiation (2 h) of inflammation and was 
additive with resolvin E1. These results indicate that PD1 is a 
potent stereoselective anti-inflammatory molecule. 

BACKGROUND OF THE INVENTION 

The resolution of inflammation is a central component of 
host defense and the return of tissue to homeostasis (4). It is 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
recognized that inflammation plays a key role in many preva 
lent human diseases including cardiovascular diseases, ath 
erosclerosis, Alzheimer's disease, and cancer (5-7). Although 
much is known about the molecular basis of initiating signals 
and proinflammatory chemical mediators in inflammation, it 
has only recently become apparent that endogenous stop sig 
nals are critical at early checkpoints within the temporal 
events of inflammation (8). In this context, lipid mediators are 
of interest. The arachidonic acid-derived prostaglandins and 
leukotrienes are potent pro-inflammatory mediators (9), 
whereas their cousins, the lipoxins, biosynthesized from 
arachidonic acid, are potent anti-inflammatory and proresolv 
ing molecules (for reviews see 10, 11, 12). During the course 
of inflammation, arachidonate-derived eicosanoids Switch 
from prostaglandins and leukotrienes within inflammatory 
exudates to lipoxins that in turn stop the recruitment of neu 
trophils to the site. This switch in eicosanoid profiles and 
biosynthesis is driven, in part, by cyclooxygenase-derived 
prostaglandin E and prostaglandin D, which instruct the 
transcriptional regulation of enzymes involved in lipoxin bio 
synthesis (13). Hence, the appearance of lipoxins within 
inflammatory exudates is concomitant with spontaneous 
resolution of inflammation (13), and these chemical media 
tors are non-phlogistic stimulators of monocyte recruitment 
and macrophage phagocytosis of apoptotic PMN (14, 15) 

Further studies on the endogenous mechanisms of anti 
inflammation using a murine model of spontaneous resolu 
tion demonstrated, for the first time, that resolution is an 
active biochemical process that involves the generation of 
specific new families of lipid mediators (for recent reviews, 
see refs. 16, 17). During spontaneous resolution, cell-cell 
interactions and transcellular biosynthesis lead to the produc 
tion of these new families of potent bioactive lipid mediators 
from ()-3 essential fatty acid precursors and were termed 
resolvins (resolution phase interaction products derived from 
DHA and EPA) and protectins (docosatrienes derived from 
DHA) ((1, 3, 18) and recently reviewed in (19)). These novel 
di- and trihydroxy-containing products from EPA and DHA 
that are generated by previously unrecognized enzymatic 
pathways display potent anti-inflammatory and immunoregu 
latory actions in vitro and in vivo in murine models of acute 
inflammatory actions (1, 3, 18). 

In 1929, the omega-3 polyunsaturated fatty acids were 
assigned essential roles because their exclusion from the diet 
gave rise to a new form of deficiency disease (20). Many 
recent reports document the importance of fish oil (omega-3) 
fatty acids EPA and DHA in human diseases associated with 
inflammation. In particular, omega-3 DHA and EPA are pro 
tective in inflammatory bowel disease and colitis (21), car 
diovascular disease (22-25), and Alzheimer's disease (26). 
However, the molecular mechanisms responsible for these 
documented beneficial actions of omega-3 fatty acids remain 
an important challenge. DHA is enriched in neural tissues, 
where it appears to play functional as well as structural roles 
(27. 28). Along these lines, results from earlier studies indi 
cated that DHA was enzymatically converted to products 
coined docosanoids that might be linked to retinal protection 
(29) and neuronal function (30). The structures of the mol 
ecules involved, however, were not established. 
Human whole blood isolated leukocytes, and glial cells 

enzymatically convert DHA to 17S-hydroxy-containing 
docosatrienes and 17S-series resolvins (1, 3). The novel 
10, 17S-docosatriene, first identified in ref (3) and its basic 
structure established, displayed potent anti-inflammatory 
actions, i.e., reducing PMN numbers in exudates in vivo, and 
down regulating production of proinflammatory cytokines by 
glial cells in vitro (1). During the resolution phase of perito 
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nitis, unesterified DHA levels increase within exudates and 
10, 17S-docosatriene is generated within the resolving exu 
dates, where it appears to promote catabasis, or the return to 
homeostasis, by shortening the resolution interval (31). Of 
special interest, this DHA-derived 10,17S-docosatriene is 
generated in vivo during strokes in murine tissues and limits 
the entry of leukocytes into the area of neural damage, reduc 
ing the magnitude of tissue injury (32). It was found that 
10, 17S-docosatriene is neuroprotective in retinal pigmented 
cells and introduced the term neuroprotectin D1 for this 
potent compound (2), which accumulates in the ipsilateral 
hemisphere of the brain following focal ischemia (33). 

Recent results indicate that neuroprotectin D1 is formed 
from DHA in cornea in a lipoxygenase-dependent fashion to 
protect from thermal injury as well as promote wound healing 
(34). It is noteworthy that neuroprotectin D1, resolvin D1, and 
resolvin D5 are all produced by trout brain cells from endog 
enous DHA, Suggesting that the structures of these DHA 
derived mediators are conserved from fish to humans (35). 
Together, these recent findings underscore the need to estab 
lish the complete stereochemistry of endogenous biologically 
active 10, 17S-docosatriene, namely its carbon 10 position 
alcohol chirality and double bond geometry of its conjugated 
triene system. In recognition of its wide scope of formation 
and actions, protectin D1 (PD1) is used to denote the structure 
of this chemical mediator and the prefix neuro before protec 
tin D1 is used to note its tissue origin and address. Here, the 
completestereochemistry of protectin D1 and its related natu 
ral isomers (i.e., A 15-trans-PD1) as well as their anti-inflam 
matory properties are reported. 

Therefore, a need exists for additional understanding of 
how other polyunsaturated compounds and biological deriva 
tive may provide insight into Such complex biological path 
ways. 

BRIEF SUMMARY OF THE INVENTION 

The present invention Surprisingly provides methods to 
isolate, Substantially purify (purify) and prepare compounds 
such as: I 10S,17S-dihydroxy-docosa-4Z.7Z,11E,13Z,15E, 
19Z-hexaenoic acid; II 10R, 17S-dihydroxy-docosa-4Z,7Z. 
11E,13E,15Z,19Z-hexaenoic-acid; V 10S,17R,-dihydroxy 
docosa-4Z,7Z,11E,13E,15Z,197-hexaenoic-acid; III 10R, 
17S-dihydroxy-docosa-4Z,7Z,11E,13E,15E,19Z 
hexaenoic-acid; IV 10R, 17S-dihydroxy-docosa-4Z,7Z,11E, 
13Z,15E, 197-hexaenoic-acid; and VI 10S, 17S-dihydroxy 
docosa-4Z,7Z,11E,13E,15Z,197-hexaenoic-acid. Also, 
derivatives such as esters, e.g., methyl esters, of the acids can 
be prepared and show biological activity as discussed herein. 

Additionally, the 15, 16-dehydro-PD1 provides a chemi 
cally stable system that also has biological activity. 

In other aspects, the invention provides 10,17-dihydroxy 
docasa-hexaenoic acids having the general formula (VII): 
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“trans' in configuration. In certain aspects, compounds I, II, 
IV, V and VI, each independently of each other, are excluded 
from the invention. 

While multiple embodiments are disclosed, still other 
embodiments of the present invention will become apparent 
to those skilled in the art from the following detailed descrip 
tion. As will be apparent, the invention is capable of modifi 
cations in various obvious aspects, all without departing from 
the spirit and scope of the present invention. Accordingly, the 
detailed descriptions are to be regarded as illustrative in 
nature and not restrictive. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1: Panel A. LC-MS-MS profiles and chromatographic 
behavior of related isomers. Left panels: LC chromatograms 
plotted at UV absorbance 270 nm, right panels: correspond 
ing MS profiles obtained for m/z. MS-MS359. Upper inserts: 
representative profiles from human PMN. Right: plotted at 
MS m/z. 359; another incubation plotted at m/z 261 of the 
MS359. The position of synthetic III is shown for compari 
son. Middle: Murine exudate profiles and lower: profiles 
obtained for a mixture of related synthetic isomers I-VI (see 
FIG. 2 for structures). Note that isomers I and VI and II and V 
coelute in this HPLC system (also see FIG. 8 and text). Panel 
B: MS-MS Spectrum of PD1 obtained from murine peritoni 
tis. The LC retention time was 32.9 min for the recorded 
spectrum. Panel C. MS-MS spectrum of synthetic PD1. Panel 
D: GC-MS spectrum of derivatized PD1. MS obtained fol 
lowing treatment with diazomethane and trimethylsilane. See 
FIG. 8 and methods section for NMR data and conditions of 
analysis using LC-MS-MS and GC-MS. 

FIG. 2: PD1 and related 10,17-diFIDHA isomers. List of 
compounds prepared and used for the present experiments. 
PD1 obtained from biological tissues and incubations was 
identified earlier (1) as a potent bioactive product generated 
from DHA possessing the 10,17S-dihydroxy-docosatriene 
structure with a conjugated triene unit between carbons 10 
and 17. As denoted, the configuration of the carbon 10 alcohol 
and double bonds of the conjugation remained to be deter 
mined; see text for details and Methods for the NMR values 
obtained for each of the isomers prepared by total organic 
synthesis. 

FIG. 3: Strategy for total synthesis of PD1 and related 
isomers. The Co and C, Stereochemistry of 1 was derived 
from enantiomerically pure glycidol derivatives B and H 
which were reacted with alkynyl nucleophiles derived from A 
and I, respectively. The (Z) alkene geometry at positions 4-5, 
7-8, 15-16 and 19-20 was obtained from selective hydroge 
nation of acetylenic precursors, which were constructed 

(VII) 

wherein R is a hydrogen atom, an alkyl group, or is a 
pharmaceutically acceptable salt and each of P and P. indi 
vidually, is a hydrogen atom or a protecting group. The 
dashed line represents that the double bond can be “cis' or 

65 

using coupling procedures. The (E) geometry at positions 
11-12 and 13-14 was secured during the synthesis of inter 
mediate F. Other stereoisomers of 1 were synthesized simi 
larly. 
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FIG. 4: PD1 and related double dioxygenation products. 
Panel A. MS-MS of the 10S,17S-diHDHA (isomer I, FIG. 2) 
carrying 'O obtained from incubations enriched in O, 
atmosphere. The substrate was 17S-H(p)DHA; hence, the 17 
position alcohol retained the 'O and remained unlabeled 
while both the carbon 7 and 10 position alcohols were labeled 
from O. Fragments carrying O were increased in m/z+2. 
Panel B: Scheme for PD1 enzymatic formation: epoxidation 
Versus dioxygenation for production of its natural isomer. See 
text for details. 

FIG. 5: PD1 blocks human PMN transmigration across 
endothelial cells. PD1, but not its A15-trans-PD1 isomer, 
inhibited LTB-induced PMN migration across microvascu 
lar endothelial monolayers. Neutrophils (10 per monolayer) 
were exposed to vehicle containing buffer or at the indicated 
concentrations of compound for 15 minutes (see Methods). 
Neutrophils were then layered on HMEC monolayers and 
stimulated to transmigrate by addition of 10 MLTB for 90 
min at 37°C. Transmigration was assessed by quantitation of 
the PMN marker myeloperoxidase. PD1 represents the 
meantSEM percent migration of neutrophils compared to 
vehicle-treated neutrophils for 9 separate donors and experi 
ments, each performed in triplicate. The results with A15 
trans PD1 isomer are the mean-SEM obtained for 6 separate 
PMN donors where each point was also in triplicate. * 
denotes p-0.01. 

FIG. 6: Dose-dependent inhibition of acute inflammation 
in vivo with synthetic PD1 and its isomers. Peritonitis was 
initiated in 6-8-week-old male FVB mice (Charles River 
Laboratories) by peritoneal injection of 1 mg of Zymosan A. 
Mice were injected with (Panel A): the double dioxygenation 
product 10S,17S-diHDHA (Compound I, FIG. 2), synthetic 
PD1 (Compound II). A 15-trans-PD1 (Compound III), the 
10S, 17R-diHDHA isomer (Compound V), Compound VI, or 
vehicle alone. p-0.05; na3 for each compound. na7 for PD1 
and na4 for Compound I. Panel B: PD1, PD1 methyl ester, or 
the isomer (Compound VI) methyl ester. Peritoneal lavages 
were obtained at 2 hand leukocytes enumerated. Results are 
expressed as percent inhibition compared to mice injected 
with Zymosan A (1 mg) and vehicle alone. * p-0.05; nea for 
each compound. 

FIG. 7: PD1 actions in vivo. A) PD1 treatment during the 
course of acute inflammation reduces PMN infiltration. Peri 
tonitis was induced in 6-8-week-old male FVB mice (Charles 
River Laboratories) by peritoneal injection of 1 mg of Zymo 
san A (0) as in FIG. 6. Synthetic compound PD1 (A; cf. FIG. 
1) free acid or its synthetic carboxy methyl ester () each at 
1 ng dose/mouse were injected by peritoneal injection i.p. 2h 
after Zymosan A-initiated peritonitis. 4 h after induction of 
peritonitis, rapid peritoneal lavages were collected, and cell 
type enumeration was performed. * p-0.05, 8 p-0.05, from 
Zymosan plus vehicle alone. B) PD1 and RVE1 have additive 
anti-inflammatory actions in vivo. Mice were injected i.p. 
with 10 ng/mouse of either PD1, RVE1, or both, and exudates 
were collected at 2 h. *p-0.05. 

FIG. 8: provides physical attributes of several of the novel 
compounds. 
“LC-MS/MS was performed with a Finnigan LCQ liquid 

ion trap tandem mass-spectrometer equipped with a 
LUNAC18-2 (150x2 mmx5um column and a UV diode 
array detector using an isocratic mobile phase (MeOH: 
H20:AcOH at 65:35:0.01) with a 0.2 ml/min flow rate. 

GC-MS was performed with a Hewlett-Packard 6890 
equipped with a HP 5973 mass detector. A HP5MS 
cross-linked 5% ME siloxane column (30 cmx0.25 
mmx0.25 um) was employed with a temperature pro 
gram the initial temperature was 150° C., followed by 
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230°C. (2 min). and 280° C. (10 min) with ahelium flow 
rate of 1.0 m/min. Trimethylsilyl derivatives were pre 
pared with each compound following treatment with 
diazomethane. 

Spectra were recorded in methanol using a Hewlett-Pack 
ard 8453 UV spectrophotometer with +2 nm accuracy. 

FIG. 9: provides leukocyte infiltration in Murine Peritoni 
tis. Peritonitis was carried out as in Experimental Procedures 
but extended to 4h. Mice were injected with 10 ng/mouse of 
either PD1 (n-3) or 15, 16-dehydro-PD1 (n=4) followed by 1 
mg of Zymosan A. Leukocyte infiltration was determined 4h 
after injection. Results are expressed as meant-SEM, and 
percent inhibition of neutrophils and stimulation of mono 
cytes as compared to mice injected with Zymosan A (1 mg) 
alone. Statistically different from *zymosan A-injected mice 
(p<0.05) but not between & PD1 and 15, 16-deydro-pd1-IN 
JECTED MICE (P-0.05) 

FIG.10: provides characteristics of test subjects. 
FIG. 11: Generation of Protectin D1 in asthma. Exhaled 

breath condensates were obtained from volunteer subjects in 
the emergency department during a clinical exacerbation of 
asthma. Lipids were extracted and Subjected to analysis by 
LC-PDA-MS-MS. (a) LC chromatogram plotted forms/ms at 
m/Z343 and (b) corresponding MS profile were diagnostic for 
17(S)-hydroxy-DHA (i.e., 17S-hydroxy-docosa-4Z.7Z,11E, 
13E,15Z,19Z-hexaenoic acid). Material was also present in 
the lipid extracts with (c) LC chromatogram for m/z, 217 of 
ms/ms at m/z. 359, (d) UV absorbance spectrum (inset, left) 
and mass spectrum diagnostic for authentic Protectin D1 (i.e., 
10R, 17S-dihydroxy-docosa-4Z,7Z,11E,13E,15Z,19Z 
hexaenoic acid). Insets, the fragmentation ions are denoted 
for (b) 17(S)-hydroxy-DHA and (d) Protectin D1. Results are 
representative of n=3. 

FIG. 12: Lung histopathology from mice given PD1. Mice 
were sensitized and aerosol challenged with OVA in the pres 
ence of PD1 ((a), 200 ng, (b), 20 ng, (c), 2 ng) or (d), vehicle. 
Representative (na3) lung tissue sections (magnifications: 
x20 (left column), x40 (right column)) were obtained from 
fixed, paraffin-embedded lung tissue, prepared and stained 
with hematoxylin and eosin. Arrows denote representative 
EOS, Br, bronchus; V, vessel. 

FIG. 13: PD1 decreases airway mucus. Representative 
lung tissue sections from mice given PD1 (a, 200ng, b. 20 ng) 
or (c) vehicle were stained with periodic acid Schiff (magni 
fications: x20 (left column), x40 (right column). Arrows indi 
cate representative mucus (magenta) containing goblet cells. 

FIG. 14: PD1 sharply reduces leukocyte infiltration. (a), 
Tissue morphometric analyses were performed to determine 
the impact of PD1 on EOS accumulation in pulmonary ves 
sels (V-EOS), large airways (Aw-EOS) and alveoli (Alv 
EOS). (b), BALFs were obtained from OVA sensitized and 
challenged mice. Leukocytes in BALF were enumerated and 
identified after Wright-Giemsa stain. Results are expressed as 
meaniSEM (nd3). *P<0.05 by Student's t-test compared to 
control animals. 

FIG. 15: PD1 selectively decreases airway inflammatory 
mediators. In the presence or absence of PD1, the mediator 
profile in BALF was determined in materials from OVA sen 
sitized and challenged mice for specific (a) cytokines (IL-13, 
IL-5, IL-12), and (b) lipid mediators (CysLTs, LXA and 
PGD). Results are expressed as meani-SEM (n5, d=2). 
*P<0.05 by Student's t-test compared to control animals. 

FIG. 16: PD1 reduces airway hyper-responsiveness. (a), 
OVA sensitized mice were treated with PD120 ng (D), 200ng 
(O) or vehicle (A) prior to OVA aerosol challenge. Airway 
reactivity was determined by methacholine-dependent 
change in peak lung resistance. Results are expressed as 
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meaniSEM (nd5). *P<0.05 by one-way ANOVA compared 
to control animals. (b), ED was determined for methacho 
line-dependent changes in mean lung resistance for OVA 
sensitized animals receiving PD1 (0, 2, 20 or 200 ng) prior to 
OVA aerosol challenge and for control animals receiving 
buffer (PBS) instead of OVA during sensitization and chal 
lenge phases of the model. *P-0.05 by Student's t-test com 
pared to control animals. 

FIG. 17: PD1 treatment promotes resolution of allergen 
driven leukocytes in mouse lung. BALFs were obtained from 
OVA sensitized and challenged mice that received either PD1 
(20 ng, hatched bars) or vehicle (0.9% saline, black bars) for 
three consecutive days prior to study. Leukocytes in BALF 
were enumerated and identified after Wright-Giemsa stain. 
Results are expressed as meani-SEM (nd3). *P<0.05 by Stu 
dent's t-test compared to control animals. 

DETAILED DESCRIPTION 

Abbreviations used are: 
c)-3 PUFA, omega-3 polyunsaturated fatty acid; 
5S,15S-diHETE, 5S,15S-dihydroxy-6E.8Z.11Z,13E 

eicosatetranoic acid; 
7S, 17S-diHDHA, 7S, 17S-dihydroxy-docosa-4Z,8E,10Z, 

13Z,15E, 197-hexaenoic acid (resolvin D5); 
10S-HDHA, 10S-hydroxy-docosa-hexaenoic acid; 
10S,17S-docosatriene, 10S,17S-dihydroxy-docosa-4Z, 

7Z,11E,13Z,15E, 197-hexaenoic acid (the dioxygenation 
product); 

10,17-docosatriene isomers, 10R, 17S-dihydroxy-docosa 
4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid; 10R, 17S-dihy 
droxy-docosa-4Z.7Z,11E,13E,15E, 197-hexaenoic acid; 
10R, 17S-dihydroxy-docosa-4Z,7Z,11E,13Z,15E, 197 
hexaenoic acid; 10S,17R-dihydroxy-docosa-4Z,7Z,11E, 
13E,15Z,19Z-hexaenoic acid; 10S,17S-dihydroxy-docosa 
4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid; 

17S-HDHA, 17S-hydroxy-docosa-4Z,7Z,10Z,13Z,15E, 
19Z-hexaenoic acid; 7S-H(p)DHA, 17S-hydroxy(peroxy)- 
docosa-4Z,7Z,10Z,13Z,15E, 197-hexaenoic acid; 
BAL, bronchoalveolar lavage: 
COX-2, cyclooxygenase 2: 
CysLT, cysteinyl leukotriene; 
DHA, C22:6, docosahexaenoic acid; 
EBC, exhaled breath condensate; 
EOS, eosinophil: 
GC-MS, gas chromatography mass spectrometry; 
HMEC, human micro-vascular endothelial cells; 
LC-UV-MS-MS, liquid chromatography-ultraviolet-tan 

dem mass spectrometry; 
LO, lipoxygenase; 
LT, leukotriene; 
LX, lipoxins: 
Lymph, lymphocyte; 
MS, mass spectrometry; 
PD1, protectin D1/neuroprotectin D1, 10R, 17S-dihy 

droxy-docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic acid 
(when generated in neural tissues the prefix neuro is added, 
hence neuroprotectin D1 or NPD1 as in ref2): 
PMN, polymorphonuclear leukocytes; 
RP-HPLC, reverse-phase high performance liquid chro 

matography; and 
RvE1, resolvin E1, 5S,12R,18R-trihydroxy-6Z.8E,10E, 

14Z.16E-eicosapentaenoic acid. 
Neuroprotectin D1/protectin D1 (10,17-docosatriene) is a 

potent bioactive lipid mediator derived from DHA that dis 
plays anti-inflammatory actions (1,3) and is generated during 
the resolution phase of an acute inflammatory response (31). 
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8 
The basic structure of this novel potent DHA-derived media 
tor was determined, i.e., 10,17-dihydroxydocosatriene (1, 3, 
37); its potent role in neural protection was recently uncov 
ered (2) and thus it is denoted as neuroprotectin D1 (NPD1) 
when produced in neural tissues. Given the importance of 
establishing the molecular basis of endogenous anti-inflam 
mation and natural resolution (17), as knowledge of these 
pathways and mechanisms in vivo may provide new thera 
peutic approaches to human disease, evidence was sought for 
the complete stereochemistry of PD1. On the basis of physi 
cal, biosynthetic, and biological properties in matching 
results with humancells and synthetic materials, the complete 
stereochemistry of PD1 was assigned 10R, 17S-dihydroxy 
docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic acid (Com 
pound II: FIGS. 1, 2, and 6A and FIG. 8). 
On identification of 10,17-diFIDHA in resolving inflam 

matory exudates (3, 37) and potent anti-inflammatory 
actions, it was critical to establish its biosynthesis from DHA. 
To address this, isolated human PMN, whole blood, micro 
glial cells, and murine exudates and tissues (1,3) were stud 
ied. The isolation and identification of alcohol trapping prod 
ucts indicated the involvement of an epoxide intermediate in 
the conversion of DHA to 10,17S-diFIDHA, a docosatriene 
containing a characteristic conjugated triene structure involv 
ing three of the six double bonds present in this compound. 
The role of a 16(17)epoxide intermediate generated from the 
17S-hydroperoxy-DHA precursor was further supported by 
the identification of two vicinal diols, i.e., 16,17S-dihydroxy 
docosatrienes present in these LC-MS-MS profiles also gen 
erated from DHA (1). The 16(17)epoxy-DHA intermediate 
could open via non-enzymatic hydrolysis to a racemic mix 
ture, i.e., 16R/S, 17S-diHDHA, or to a single 16,17S-vicinol 
alcohol by the actions of an appropriate epoxide hydrolase in 
a reaction similar to that demonstrated earlier in the biosyn 
thesis of LXA (39, 44, 46). The biosynthesis of PD1 by 
human cells (Compound II) with this stereochemistry from a 
16(17)epoxide intermediate would require an enzymatic 
reaction to move the double bond configuration to set the 
triene geometry to 11E,13E,15Z and direct the attack of HO 
and insertion of its oxygen into the carbon 10 position of PD1 
determined in the present experiments to be in the 10R stere 
ochemical configuration. 

In addition to PD1 (Compound II) in human cell extracts, 
which carried potent bioactions, an isomer 10S,17S-diH 
DHA (Compound I) was also identified in murine exudates 
with lesser amounts in isolated human cells (FIG. 1). Com 
pound I was found to be a double dioxygenation product and 
was also formed from DHA but in a reaction that required two 
sequential lipoxygenation steps and oxygen incorporation 
that was directed at the 10 position derived from molecular 
oxygen (i.e. 'O., in an enriched atmosphere in vitro). This 
reaction producing 10S,17S-diHDHA is markedly different 
from the proposed enzymatic hydrolysis of the epoxide inter 
mediate in mammalian tissues to produce PD1. The double 
dioxygenation product formed in vivo is different from PD1 
in three key ways: i) PD1 carbon 10 position alcohol is pre 
dominantly in the 10R configuration while the dioxygenation 
product is mainly in the 10S configuration; ii) the double bond 
structure of PD1 conjugated triene is in the 11E,13E,15Z 
configuration; the 10S.17S-dioxygenation product conju 
gated triene system is in the 11E. 13Z,15E configuration; iii) 
most importantly, PD1 is more potent than the dioxygenation 
product; PD1 (Compound II)>10S, 17S-diHDHA (Com 
pound I); and iv) PD1 is generated by isolated human leuko 
cytes and tissues. 

Also in support of the stereospecific basis of these DHA 
derived products in human and murine systems is the bioac 
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tion of the A15-trans-PD1 isomer (Compound III), which can 
arise via workup-induced isomerization of PD1 and pos 
sesses little bioactivity in vitro or in vivo within the dose or 
concentration range (FIG. 5) observed with biogenic or syn 
thetic PD1 (FIGS. 6 and 7). Also, Compound IV, identified in 
human leukocytes (FIG. 1) and which differed from Com 
pound I at the 10R position and carried the same double bond 
geometry, was essentially equipotent at a 1 ng dose (FIG. 2). 
Hence, the biosynthesis of PD1 from DHA, from the results 
of the present experiments, appears to require stereoselective 
enzymatic steps to evoke bioactions. This requirement for 
Stereoselective enzymatic reactions is widely appreciated in 
the biosynthesis of eicosanoids (9.44). The nature of the PD1 
epoxide hydrolase in vivo is therefore of interest, particularly 
in view of the bioactivity results with Compound VI, which 
was the most potent of the isomers (FIG. 6). Compound VI 
shares the triene geometry of PD1, differing only in the C10 
chirality in the S configuration. However, only trace amounts 
of this isomer appear to be generated by human cells (vide 
infra). Thus the fidelity of the enzyme that produces PD1 from 
the proposed carbonium cation intermediate (1) in its ability 
to direct insertion of H-O-derived alcohol at carbon 10 exclu 
sively in the 10R with apparently trace amounts of 10S as in 
Compound VI (FIGS. 2 and 6) is an intriguing point for 
further studies. 

Earlier results indicated that DHA, which is not a natural 
Substrate for potato 5-lipoxygenase, is converted to 
10-HDHA by this enzyme and the double dioxygenation 
product 10.20-diHDHA (47). In addition, Whelanet al. dem 
onstrated that this plant lipoxygenase is very versatile with 
DHA as a substrate (48) and identified multiple monohy 
droxy-DHA products at carbon positions 4, 7, 8, 11, 13, 14, 
16, 17 to give positional isomers of HDHA; each was an 
enzymatic product of this flexible enzyme. This regioselec 
tivity also likely reflects the degree of enzyme purity as well 
as the geographic source of the potato. It was found that 
potato 5-LOX and Soybean 15-lipoxygenase gave specific 
diHDHA profiles of products that were dependent on pH, 
enzyme, and Substrate concentrations used in the incubations 
(3). When the substrates were presented in micellar configu 
ration with the enzymes, hydroperoxy intermediates were 
converted to epoxides that, on hydrolysis, gave many of the 
isomers as relatively minor products but were nonetheless in 
quantities useful for in vitro and in vivo studies (37). These 
findings were advantageous in the preparation of intermedi 
ates (i.e., 7,17-dihDHA, 17S-HDHA, and 17S-H(p) DHA) 
used in biosynthesis studies and determining the identity and 
actions of enzymatic products generated in Vivo as well as by 
isolated human cells from DHA (1,3). 

Recently, the chirality of the DHA potato 5-LOX product 
10-HDHA, originally reported (47) by J. Whelan and C. 
Reddy in 1988, was established as 10S-HDHA by classic 
steric analysis, and the formation of 10.20-diHDHA and 
17-H(p)DHA were reportedly optimized for the plant lipoxy 
genases (49). In the present studies, the double dioxygenation 
product prepared, matched, and identified in both Suspen 
sions of human PMN (see FIG. 1A, m/z. 261 profile) and in 
Vivo during peritonitis carries its alcohols as expected in the 
10S, 17S configuration in this diHDHA (Compound I). 
Hence, this natural isomer of PD1 (Compound II) formed in 
vivo from DHA has its A13 position double bond in the cis 
configuration (i.e., 13Z) and its A11 in the trans configuration 
within the conjugated triene portion of the molecule (11E, 
13Z.15E) and possesses some anti-inflammatory activity in 
vivo, albeit proved to be much less potent than natural or 
synthetic PD1 (Compound II). The human and murine 
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10 
enzymes(s) involved in the biosynthesis of 10S,17S-diH 
DHA, the dioxygenation product, have not been determined. 

In peritonitis, PD1 significantly reduced PMN infiltration 
at doses as low as 100 ng/mouse that reached an apparent 
maximal response at ~50% range (1). This level of inhibition 
of PMN infiltration may be related to PD1's endogenous 
anti-inflammatory roles in physiologic settings and thus rel 
evant in dampening PMN infiltration in inflammation as a 
natural mechanism rather than complete inhibition of PMN 
transmigration, an event that in theory could lead to immune 
Suppression of microbial host defense mechanisms. In the 
present studies, it was confirmed that 7,17-diH(p)DHA (1,3) 
and 10,17-diFI(p)DHA (49) are both double dioxygenation 
products (see FIG. 4). "O was incorporated at the carbon 
10-positionalcohol that originated from enriched atmosphere 
molecular 'O, via a lipoxygenase mechanism (FIG. 4A). 
The evidence for 'O incorporation at carbon 10 position 
includes the 2 amu increase in prominent ions in the mass 
spectrum of 10,17-dihDHA, e.g., m/z 299,263, 183,343 (cf. 
FIGS. 1B and C) that was obtained with either 17S-H(p)DHA 
or 17S-HDHA as substrates. The 10-position alcohol results 
from lipoxygenation and with native DHA as sequential 
actions of lipoxygenase(s) (FIG.4B), since the chirality at the 
10-position is likely in predominantly the S configuration 
(Compound I), the remainder in the 10R configuration as in 
Compound IV. (see ref1). 

In peritonitis, PD1 significantly reduced PMN infiltration 
at doses as low as 100 ng/mouse that reached an apparent 
maximal response at ~50% range (1). This level of inhibition 
of PMN infiltration may be related to PD1's endogenous 
anti-inflammatory roles in physiologic settings and thus rel 
evant in dampening PMN infiltration in inflammation as a 
natural mechanism rather than complete inhibition of PMN 
transmigration, an event that in theory could lead to immune 
Suppression of microbial host defense mechanisms. In the 
present studies, it was confirmed that 7,17-diH(p)DHA (1,3) 
and 10,17-diFI(p)DHA (49) are both double dioxygenation 
products (see FIG. 4). "O was incorporated at the carbon 
10-positionalcohol that originated from enriched atmosphere 
molecular 'O, via a lipoxygenase mechanism (FIG. 4A). 
The evidence for 'O incorporation at carbon 10 position 
includes the 2 amu increase in prominent ions in the mass 
spectrum of 10,17-dihDHA, e.g., m/z 299,263, 183,343 (cf. 
FIGS. 1B and C) that was obtained with either 17S-H(p)DHA 
or 175-HDHA as substrates. The 10-position alcohol results 
from lipoxygenation and with native DHA as sequential 
actions of lipoxygenase(s) (FIG.4B), since the chirality at the 
10-position is likely in predominantly the S configuration 
(Compound I), the remainder in the 10R configuration as in 
Compound IV. 
At the 1 ng/mouse dose, 10S,17S-diHDHA (Compound I) 

did display some activity but this activity did not increase 
with higher doses in a statistically significant fashion. Also, 
this double dioxygenation isomer 10S,17S-diHDHA (Com 
pound I) was not active at the 0.1 ng dose compared to PD1. 
Given the double bond geometry determined in the present 
study for the conjugated triene unit of PD1 as A11E, 13E, 15Z 
and 10-position alcohol in the R configuration (FIGS. 1 and 2 
and FIG. 8), it is likely that, once the 16(17)-epoxide inter 
mediate is produced from 17S-H(p)DHA (1), it is enzymati 
cally subject to hydrolysis. This opens attack of the proposed 
cation intermediate by water-derived oxygen rather than 
molecular oxygen in vivo to give the 10R configuration and 
set the triene double bond configuration to trans, trans, cis 
geometry at A11E. 13E, 15Z in PD1. This enzymatic mecha 
nism is also supported by identification of epoxide-derived 
alcohol trapping products in human leukocytes and glial cells 
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and the isolation and identification of two vicinal diols as 
minor hydrolysis products, namely 16,17-dihydroxydocosa 
trienes (see ref 1). Further studies are warranted to identify 
the enzyme(s) and establish their role in PD1 biosynthesis as 
noted above. 

In earlier experiments, when administered i.v., 10,17S 
docosatriene (PD1, Compound II, FIG. 2) was found to be 
more potent than indomethacin in reducing PMN infiltration 
in murine peritonitis, i.e., ~40% inhibition at 100 ng/mouse 
(1). Synthetic PD1 in as Small a dose as 1 ng/mouse gave 
~40% inhibition of PMN infiltration that was maintained at 
the 10ng and 100 ng doses. Thus, synthetic PD1 (Compound 
II) matched with the natural compound is a potent regulator of 
PMN infiltration in vivo but does not completely block PMN 
recruitment, which is consistent with its counterregulatory 
and autacoid actions and apparently would not compromise 
host defense via immune Suppression of effector cell func 
tion. This was also the case with human PMN transmigration, 
which required 10-100 nM PD1 to reduce PMN transmigra 
tion by 35-45% in vitro. Thus, although PD1 stereoselectively 
reduces PMN transmigration in vitro, given its potent actions 
in vivo, PD1 (Compound II) likely targets additional cell 
types in vivo to evoke its potent anti-inflammatory actions in 
vivo (FIG. 7 and FIG. 9). In murine peritonitis, PD1 also 
regulated both monocyte and lymphocyte traffic to the exu 
dates. Alternatively, these potencies in vivo VS. isolated 
human cells might also reflect species differences. As an 
inducer of peritonitis, Zymosan Stimulates the initial forma 
tion of many endogenous chemoattractants for PMN, i.e., 
LTB, the complement component C5a, chemokines and 
cytokines (37). Since PD1 stops PMN recruitment in vivo, it 
counteracts these several different sets of PMN chemoattrac 
tants that regulate trafficking of these cells in vivo (FIG.9 and 
see ref37). Given the inherent chemical liabilities of PD1, a 
more chemically stable form denoted 15, 16-dehydro-PD1 
(FIG. 9) was prepared and tested. Although less potent, 
chemical stabilization of the conjugated double bonds with an 
acetylenic form proved useful as the molecule retained activ 
ity in vivo (FIG. 9). These results are consistent with the 
~40% inhibition obtained with a 4.5-acetylenic analog of 
PD1 (37). 

In addition to this lipoxygenase-initiated route of biosyn 
thesis for PD1, an aspirin-triggered route with a 17R epimer 
of PD1 (17R series) is generated via acetylated COX-2 and 
Subsequent reactions (3, 32); the complete stereochemistry of 
this bioactive epimer is in progress. It is of interest to note that 
compound V. 10S, 17R-dihydroxy-docosa-4Z.7Z,11E,13E, 
15Z,197-hexaenoic acid (FIG. 2) was essentially inactive in 
vivo (FIG. 6A). Whether the many beneficial actions reported 
for DHA in vitro and with DHA dietary supplementation in 
humans (21, 24-26) are linked to the formation and actions of 
these new families of DHA-derived mediators, protectin and 
D-series resolvins, is of interest and a timely proposal in view 
of the importance of uncontrolled inflammation in many 
widely occurring human diseases. These findings also under 
score yet another similarity between the immune and neural 
systems. Hence, results of the present experiments establish 
the stereochemistry of PD1 (Compound II) and its natural 
isomers generated by human leukocytes and murine tissues 
during inflammation. Moreover, they confirm the potent Ste 
reoselective anti-inflammatory actions of PD1 and provide 
new avenues to mark the impact of DHA utilization/supple 
mentation and its endogenous anti-inflammatory/proresolv 
ing actions by monitoring PD1, given its unique physical and 
biological properties documented in the present report. 

Evidence is provided herein for protectin D1 (PD1. 10R, 
17S-dihydroxy-docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic 
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12 
acid) formation from docosahexaenoic acid in human asthma 
in vivo and PD1 counter-regulatory actions in allergic airway 
inflammation. PD1 and 17S-hydroxy-docosahexaenoic acid 
were present in exhaled breath condensates from healthy 
subjects. Of interest, levels of PD1 were significantly lower in 
exhaled breath condensates from Subjects with asthma exac 
erbations. PD1 was also present in extracts of murine lungs 
from both control animals and those sensitized and aerosol 
challenged with allergen. When PD1 was administered prior 
to aeroallergen challenge, airway eosinophil and T-lympho 
cyte recruitment were decreased, as were airway mucus, lev 
els of specific pro-inflammatory mediators, including inter 
leukin-13, cysteinyl leukotrienes and prostaglandin D, and 
airway hyper-responsiveness to inhaled methacholine. PD1 
treatment after aeroallergen challenge markedly accelerated 
the resolution of airway inflammation. Together, these find 
ings provide evidence for endogenous PD1 as a pivotal 
counter-regulatory signal in allergic airway inflammation and 
point to new therapeutic strategies for modulating inflamma 
tion in asthmatic lung. 

Chronic airway inflammation with large numbers of eosi 
nophils (EOS) and T lymphocytes (Lymphs) infiltrating res 
piratory tissues is mechanistically linked to asthma pathogen 
esis (50). In addition to their direct actions, these leukocytes 
amplify airway inflammation by trafficking into the lung an 
increased capacity to generate both pro-inflammatory pep 
tides and lipid mediators, such as T2 cytokines and cysteinyl 
leukotrienes (CysLTs) (50). In addition, T2 cytokines up 
regulate the expression of biosynthetic enzymes for 
eicosanoids—including prostaglandins (PGs), LTs and 
lipoxins (LXs) with potent immunomodulatory properties 
(51). 
DHA levels in the respiratory tract are decreased in asthma 

and other diseases of excess airway inflammation, such as 
cystic fibrosis (55). Epidemiologically, a diet high in marine 
fatty acids (fish oil) may have beneficial effects on inflamma 
tory conditions, including asthma (56, 57) and dietary Supple 
mentation with omega-3 fatty acids in children prevents the 
development of atopic cough, a symptom of allergic airway 
inflammation (58). The underlying mechanisms for benefi 
cial properties of omega-3 fatty acids in asthma remain to be 
established. 

Natural resolution of acute inflammation (or asthma exac 
erbation) is driven, in part, by decrements in pro-inflamma 
tory mediators and removal of inflammatory cells (50, 59). 
Promotion of resolution is now recognized as an active pro 
cess with early signaling pathways, for example cyclooxyge 
nase-2 derived PGE and PGD, engaging biosynthetic cir 
cuits for the later formation of counter-regulatory mediators, 
such as LXs and the newly identified families of lipid media 
tors generated from omega-3 fatty acids named resolvins and 
protectins that can dominate the resolution phase (60). DHA 
is incorporated into membranes and rapidly released upon 
neuronal cell activation (61) for conversion to 17S-hydroxy 
containing resolvins of the D series (because they are from 
DHA) and protectin D1 (PD1) (62). The complete stere 
ochemistry for PD1 is established as 10R,17S-dihydroxy 
docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic acid. Through 
out the specification, it is shown that PD1 is generated from 
endogenous sources in human asthma and reduces both aller 
gic airway inflammation and hyper-responsiveness. 

In one embodiment, the invention provides PD1 and ana 
logs thereofhaving the formula: 
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(II) (IX) 

10 
wherein R, P, and P are as described above. 
In one aspect of the invention, the compound(s) of the 

OP invention are substantially purified and isolated by techniques 
known in the art. The purity of the purified compounds is 

is generally at least about 90%, preferably at least about 95%, 
and most preferably at least about 99% by weight (100% by 

wherein R is a hydrogen atom, an alkyl group, or is a weight). 
pharmaceutically acceptable salt and each of P and P, indi- In certain embodiments, the Subject compounds are puri 
vidually, is a hydrogen atom or a protecting group. In one fied, e.g., Substantially separated from other compounds or 
particular aspect, when P, and P are both hydrogen atoms, o isomers that are present in a cellular environment where 
then R is a pharmaceutically acceptable salt oran alkyl group, resolvins are produced or that are present in crude products of 
such as a methyl or ethyl group. In another aspect, when P synthetic chemical manufacturing processes. In certain 
and P are both hydrogenatoms, then R can also be a hydro- embodiments, a purified compound is contaminated with less 
gen atom provided that the compound is isolated or Substan- than 25%, less than 15%, less than 10%, less than 5%, less 
tially purified. as than 2%, or even less than 1% of cellular components (pro 

In other aspects, the invention provides 10,17-dihydroxy- teins, nucleic acids, carbohydrates, etc.), chemical byprod 
docasa-hexaenoic acid derivatives having the general formula ucts, reagents, and starting materials, and the like. In certain 
(VII): embodiments, a purified compound is contaminated with less 

(VII) 

than 25%, less than 15%, less than 10%, less than 5%, less wherein R is a hydrogen atom, an alkyl group, or is a 
pharmaceutically acceptable salt and each of P and P, indi- 40 than 2%, or even less than 1% of other resolvins and/or other 
vidually, is a hydrogen atom or a protecting group. The isomers of the compound. The addition of pharmaceutical 
dashed line represents that the double bond can be “cis' or excipients, other active agents, or other pharmaceutically 
“trans' in configuration. In certain aspects, compounds I, II, acceptable additives is not understood to decrease the purity 
IV, V and VI are excluded from the invention. 45 of a compound as this term is used herein. 

In still another aspect, the invention provides 10,17-dihy- The compounds described throughout the specification can 
droxy-15, 16-dehydrodocasahexaenoic acid derivatives hav- be administered alone or in combination with a pharmaceu 
ing the general formula (VIII): tically acceptable carrier. 

(VIII) 

wherein R, P, and P., and the dashed lines are as described The compounds described throughout the specification can 
above. The chiral centers at 10 and 17 can be R/S, S/R or be used to treat inflammation, and in particular airway inflam 
mixtures thereof. In certain embodiments, the 4.5 bond is cis, matory conditions such as asthma. 
the 7.8 bond is cis, the 11, 12 bond is trans, the 13,14 bond is The compounds described throughout the specification can 

be administered alone or in combination with one another. 
trans, the 15,16 bond is acetylenic and the 19.20 bond is cis. Alkyl by itself or as part of another substituent refers to 

In still yet another aspect, the invention provides a 10,17- 65 a saturated or unsaturated branched, straight-chain or cyclic 
dihyroxy-15, 16-dehydrodocasahexaenoic acid derivative monovalent hydrocarbon radical having the stated number of 
having the general formula (IX): carbonatoms (i.e., C1-C6 means one to six carbonatoms) that 
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is derived by the removal of one hydrogenatom from a single 
carbon atom of a parent alkane, alkene or alkyne. Typical 
alkyl groups include, but are not limited to, methyl; ethyls 
Such as ethanyl, ethenyl, ethynyl; propyls such as propan-1- 
yl, propan-2-yl, cyclopropan-1-yl, prop-1-en-1-yl, prop-1- 
en-2-yl, prop-2-en-1-yl, cycloprop-1-en-1-yl, cycloprop-2- 
en-1-yl, prop-1-yn-1-yl, prop-2-yn-1-yl, etc.; butyls such as 
butan-1-yl, butan-2-yl, 2-methyl-propan-1-yl, 2-methyl-pro 
pan-2-yl, cyclobutan-1-yl, but-1-en-1-yl, but-1-en-2-yl, 
2-methyl-prop-1-en-1-yl, but-2-en-1-yl, but-2-en-2-yl, buta 
1,3-dien-1-yl, buta-1,3-dien-2-yl, cyclobut-1-en-1-yl, 
cyclobut-1-en-3-yl, cyclobuta-1,3-dien-1-yl, but-1-yn-1-yl, 
but-1-yn-3-yl, but-3-yn-1-yl, etc.; and the like. Where spe 
cific levels of Saturation are intended, the nomenclature 
“alkanyl.” “alkenyl and/or “alkynyl is used, as defined 
below. In preferred embodiments, the alkyl groups are (C1 
C6) alkyl. 

Alkanyl by itselforas part of another substituent refers to 
a saturated branched, straight-chain or cyclic alkyl derived by 
the removal of one hydrogenatom from a single carbonatom 
of a parent alkane. Typical alkanyl groups include, but are not 
limited to, methanyl; ethanyl; propanyls such as propan-1-yl, 
propan-2-yl (isopropyl), cyclopropan-1-yl, etc.; butanyls 
Such as butan-1-yl, butan-2-yl (sec-butyl), 2-methyl-propan 
1-yl (isobutyl), 2-methyl-propan-2-yl (t-butyl), cyclobutan 
1-yl, etc.; and the like. In preferred embodiments, the alkanyl 
groups are (C1-C6) alkanyl. 

Alkenyl by itselforas part of another substituent refers to 
an unsaturated branched, straight-chain or cyclic alkyl having 
at least one carbon-carbon double bond derived by the 
removal of one hydrogen atom from a single carbon atom of 
a parent alkene. The group may be in either the cis or trans 
conformation about the double bond(s). Typical alkenyl 
groups include, but are not limited to, ethenyl; propenyls such 
as prop-1-en-1-yl, prop-1-en-2-yl, prop-2-en-1-yl, prop-2- 
en-2-yl, cycloprop-1-en-1-yl; cycloprop-2-en-1-yl; butenyls 
Such as but-1-en-1-yl, but-1-en-2-yl, 2-methyl-prop-1-en-1- 
y1, but-2-en-1-yl, but-2-en-2-yl, buta-1,3-dien-1-yl, buta-1,3- 
dien-2-yl, cyclobut-1-en-1-yl, cyclobut-1-en-3-yl, cyclobuta 
1,3-dien-1-yl, etc.; and the like. In preferred embodiments, 
the alkenyl group is (C2-C6) alkenyl. 

Alkynyl by itselforas part of another substituent refers to 
an unsaturated branched, straight-chain or cyclic alkyl having 
at least one carbon-carbon triple bond derived by the removal 
of one hydrogen atom from a single carbon atom of a parent 
alkyne. Typical alkynyl groups include, but are not limited to, 
ethynyl; propynyls such as prop-1-yn-1-yl, prop-2-yn-1-yl, 
etc.; butynyls such as but-1-yn-1-yl, but-1-yn-3-yl, but-3-yn 
1-yl, etc.; and the like. In preferred embodiments, the alkynyl 
group is (C2-C6) alkynyl. 

“Protecting group' refers to a group of atoms that, when 
attached to a reactive functional group in a molecule, mask, 
reduce or prevent the reactivity of the functional group. Typi 
cally, a protecting group may be selectively removed as 
desired during the course of a synthesis. Examples of protect 
ing groups can be found in Greene and Wuts, Protective 
Groups in Organic Chemistry, 3" Ed., 1999, John Wiley & 
Sons, NY and Harrison et al., Compendium of Synthetic 
Organic Methods, Vols. 1-8, 1971-1996, John Wiley & Sons, 
NY. Representative nitrogen protecting groups include, but 
are not limited to, formyl, acetyl, trifluoroacetyl, benzyl, ben 
Zyloxycarbonyl (“CBZ), tert-butoxycarbonyl (“Boc'), trim 
ethylsilyl (TMS), 2-trimethylsilyl-ethanesulfonyl 
(“TES), trity1 and substituted trityl groups, allyloxycarbo 
nyl, 9-fluorenylmethyloxycarbonyl (“FMOC), nitro-vera 
tryloxycarbonyl (“NVOC) and the like. Representative 
hydroxyl protecting groups include, but are not limited to, 
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those where the hydroxyl group is either acylated (esterified) 
or alkylated such as benzyl and trityl ethers, as well as alkyl 
ethers, tetrahydropyranyl ethers, trialkylsilyl ethers (e.g., 
TMS or TIPPS groups), glycol ethers, such as ethylene glycol 
and propylene glycol derivatives and allyl ethers. 
The phrase “pharmaceutically acceptable carrier as used 

herein means a pharmaceutically acceptable material, com 
position or vehicle. Such as a liquid or solid filler, diluent, 
excipient, solvent or encapsulating material, involved in car 
rying or transporting a compound(s) of the present invention 
within or to the subject such that it can perform its intended 
function. Typically, such compounds are carried or trans 
ported from one organ, or portion of the body, to another 
organ, or portion of the body. Each carrier must be “accept 
able' in the sense of being compatible with the other ingre 
dients of the formulation and not injurious to the patient. 
Some examples of materials which can serve as pharmaceu 
tically acceptable carriers include: Sugars, such as lactose, 
glucose and Sucrose; starches, such as corn starch and potato 
starch; cellulose, and its derivatives, such as Sodium car 
boxymethyl cellulose, ethyl cellulose and cellulose acetate; 
powdered tragacanth; malt, gelatin; talc, excipients, such as 
cocoa butter and Suppository waxes; oils, such as peanut oil, 
cottonseed oil, safflower oil, sesame oil, olive oil, corn oil and 
Soybean oil; glycols, such as propylene glycol; polyols. Such 
as glycerin, Sorbitol, mannitol and polyethylene glycol, 
esters, such as ethyl oleate and ethyl laurate; agar, buffering 
agents, such as magnesium hydroxide and aluminum hydrox 
ide; alginic acid; pyrogen-free water, isotonic saline; Ring 
er's solution; ethyl alcohol; phosphate buffer solutions; and 
other non-toxic compatible Substances employed in pharma 
ceutical formulations. 

In certain embodiments, the compounds of the present 
invention may contain one or more acidic functional groups 
and, thus, are capable of forming pharmaceutically accept 
able salts with pharmaceutically acceptable bases. The term 
“pharmaceutically acceptable salts, esters, amides, and pro 
drugs' as used herein refers to those carboxylate salts, amino 
acid addition salts, esters, amides, and prodrugs of the com 
pounds of the present invention which are, within the scope of 
Sound medical judgment, Suitable for use in contact with the 
tissues of patients without undue toxicity, irritation, allergic 
response, and the like, commensurate with a reasonable ben 
efit/risk ratio, and effective for their intended use of the com 
pounds of the invention. The term “salts' refers to the rela 
tively non-toxic, inorganic and organic acid addition salts of 
compounds of the present invention. These salts can be pre 
pared in situ during the final isolation and purification of the 
compounds or by separately reacting the purified compound 
in its free base form with a suitable organic or inorganic acid 
and isolating the salt thus formed. These may include cations 
based on the alkali and alkaline earth metals, such as Sodium, 
lithium, potassium, calcium, magnesium and the like, as well 
as non-toxic ammonium, quaternary ammonium, and amine 
cations including, but not limited to ammonium, tetramethy 
lammonium, tetraethylammonium, methylamine, dimethy 
lamine, trimethylamine, triethylamine, ethylamine, and the 
like. (See, for example, Berge S. M., et al., “Pharmaceutical 
Salts.” J. Pharm. Sci., 1977; 66:1-19 which is incorporated 
herein by reference). 
The term “pharmaceutically acceptable esters' refers to the 

relatively non-toxic, esterified products of the compounds of 
the present invention. These esters can be prepared in situ 
during the final isolation and purification of the compounds, 
or by separately reacting the purified compound in its free 
acid form or hydroxyl with a suitable esterifying agent. Car 
boxylic acids can be converted into esters via treatment with 
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an alcohol in the presence of a catalyst. The term is further 
intended to include lower hydrocarbon groups capable of 
being Solvated under physiological conditions, e.g., alkyl 
esters, methyl, ethyl and propyl esters. 

Wetting agents, emulsifiers and lubricants, such as Sodium 
lauryl Sulfate and magnesium Stearate, as well as coloring 
agents, release agents, coating agents, Sweetening, flavoring 
and perfuming agents, preservatives and antioxidants can 
also be present in the compositions. 

Examples of pharmaceutically acceptable antioxidants 
include: water Soluble antioxidants, such as ascorbic acid, 
cysteine hydrochloride, Sodium bisulfate, sodium met 
abisulfite, sodium sulfite and the like; oil-soluble antioxi 
dants, such as ascorbyl palmitate, butylated hydroxyanisole 
(BHA), butylated hydroxytoluene (BHT), lecithin, propyl 
gallate, alpha-tocopherol, and the like; and metal chelating 
agents, such as citric acid, ethylenediamine tetraacetic acid 
(EDTA), sorbitol, tartaric acid, phosphoric acid, and the like. 

Formulations of the present invention include those suit 
able for intravenous, oral, nasal, topical, transdermal, buccal, 
Sublingual, rectal, vaginal and/or parenteral administration. 
The formulations may conveniently be presented in unit dos 
age form and may be prepared by any methods well known in 
the art of pharmacy. The amount of active ingredient which 
can be combined with a carrier material to produce a single 
dosage form will generally be that amount of the compound 
which produces a therapeutic effect. Generally, out of one 
hundred percent, this amount will range from about 1 percent 
to about ninety-nine percent of active ingredient, preferably 
from about 5 percent to about 70 percent, most preferably 
from about 10 percent to about 30 percent. 

Methods of preparing these formulations or compositions 
include the step of bringing into association a compound of 
the present invention with the carrier and, optionally, one or 
more accessory ingredients. In general, the formulations are 
prepared by uniformly and intimately bringing into associa 
tion a compound of the present invention with liquid carriers, 
or finely divided solid carriers, or both, and then, if necessary, 
shaping the product. 

Formulations of the invention suitable for oral administra 
tion may be in the form of capsules, cachets, pills, tablets, 
lozenges (using a flavored basis, usually Sucrose and acacia or 
tragacanth), powders, granules, or as a solution or a suspen 
sion in an aqueous or non-aqueous liquid, or as an oil-in 
water or water-in-oil liquid emulsion, or as an elixir or syrup, 
or as pastilles (using an inert base. Such as gelatin and glyc 
erin, or Sucrose and acacia) and/or as mouth washes and the 
like, each containing a predetermined amount of a compound 
of the present invention as an active ingredient. A compound 
of the present invention may also be administered as a bolus, 
electuary or paste. 

In solid dosage forms of the invention for oral administra 
tion (capsules, tablets, pills, dragees, powders, granules and 
the like), the active ingredient is mixed with one or more 
pharmaceutically acceptable carriers, such as Sodium citrate 
or dicalcium phosphate, and/or any of the following: fillers or 
extenders, such as starches, lactose. Sucrose, glucose, manni 
tol, and/or silicic acid; binders, such as, for example, car 
boxymethylcellulose, alginates, gelatin, polyvinyl pyrroli 
done. Sucrose and/or acacia; humectants, such as glycerol; 
disintegrating agents. Such as agar-agar, calcium carbonate, 
potato or tapioca starch, alginic acid, certain silicates, and 
Sodium carbonate; Solution retarding agents, such as paraffin; 
absorption accelerators, such as quaternary ammonium com 
pounds; wetting agents, such as, for example, cetyl alcohol 
and glycerol monostearate; absorbents, such as kaolin and 
bentonite clay; lubricants, such a talc, calcium Stearate, mag 
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nesium Stearate, Solid polyethylene glycols, sodium lauryl 
Sulfate, and mixtures thereof, and coloring agents. In the case 
of capsules, tablets and pills, the pharmaceutical composi 
tions may also comprise buffering agents. Solid compositions 
of a similar type may also be employed as fillers in Soft and 
hard-filled gelatin capsules using Such excipients as lactose or 
milk Sugars, as well as high molecular weight polyethylene 
glycols and the like. 
A tablet may be made by compression or molding, option 

ally with one or more accessory ingredients. Compressed 
tablets may be prepared using binder (for example, gelatin or 
hydroxypropylmethyl cellulose), lubricant, inert diluent, pre 
servative, disintegrant (for example, sodium starch glycolate 
or cross-linked sodium carboxymethyl cellulose), Surface 
active or dispersing agent. Molded tablets may be made by 
molding in a suitable machine a mixture of the powdered 
compound moistened with an inert liquid diluent. The tablets, 
and other Solid dosage forms of the pharmaceutical compo 
sitions of the present invention, such as dragees, capsules, 
pills and granules, may optionally be scored or prepared with 
coatings and shells, such as enteric coatings and other coat 
ings well known in the pharmaceutical-formulating art. They 
may also be formulated so as to provide slow or controlled 
release of the active ingredient therein using, for example, 
hydroxypropylmethyl cellulose in varying proportions to 
provide the desired release profile, other polymer matrices, 
liposomes and/or microspheres. They may be sterilized by, 
for example, filtration through a bacteria-retaining filter, or by 
incorporating sterilizing agents in the form of sterile solid 
compositions which can be dissolved insterile water, or some 
other sterile injectable medium immediately before use. 
These compositions may also optionally contain opacifying 
agents and may be of a composition that they release the 
active ingredient(s) only, or preferentially, in a certain portion 
of the gastrointestinal tract, optionally, in a delayed manner. 
Examples of embedding compositions which can be used 
include polymeric Substances and waxes. The active ingredi 
ent can also be in micro-encapsulated form, if appropriate, 
with one or more of the above-described excipients 

Liquid dosage forms for oral administration of the com 
pounds of the invention include pharmaceutically acceptable 
emulsions, microemulsions, Solutions, Suspensions, syrups 
and elixirs. In addition to the active ingredient, the liquid 
dosage forms may contain inert diluents commonly used in 
the art, such as, for example, water or other solvents, solubi 
lizing agents and emulsifiers. Such as ethyl alcohol, isopropyl 
alcohol, ethyl carbonate, ethyl acetate, benzyl alcohol, benzyl 
benzoate, propylene glycol, 1,3-butylene glycol, oils (in par 
ticular, cottonseed, groundnut, corn, germ, olive, castor and 
sesame oils), glycerol, tetrahydrofuryl alcohol, polyethylene 
glycols and fatty acid esters of sorbitan, and mixtures thereof. 

Besides inert diluents, the oral compositions can also 
include adjuvants such as wetting agents, emulsifying and 
Suspending agents, Sweetening, flavoring, coloring, perfum 
ing and preservative agents. 

Suspensions, in addition to the active compounds, may 
contain Suspending agents as, for example, ethoxylated isos 
tearyl alcohols, polyoxyethylene Sorbitol and Sorbitan esters, 
microcrystalline cellulose, aluminum metahydroxide, bento 
nite, agar-agar and tragacanth, and mixtures thereof. 

Formulations of the pharmaceutical compositions of the 
invention for rectal or vaginal administration may be pre 
sented as a Suppository, which may be prepared by mixing 
one or more compounds of the invention with one or more 
Suitable nonirritating excipients or carriers comprising, for 
example, cocoa butter, polyethylene glycol, a Suppository 
wax or a salicylate, and which is solid at room temperature, 
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but liquid at body temperature and, therefore, will melt in the 
rectum or vaginal cavity and release the active compound. 

Formulations of the present invention which are suitable 
for vaginal administration also include pessaries, tampons, 
creams, gels, pastes, foams or spray formulations containing 
Such carriers as are known in the art to be appropriate. 

Dosage forms for the topical or transdermal administration 
of a compound of this invention include powders, sprays, 
ointments, pastes, creams, lotions, gels, solutions, patches 
and inhalants. The active compound may be mixed under 
sterile conditions with a pharmaceutically acceptable carrier, 
and with any preservatives, buffers, or propellants which may 
be required. 

The ointments, pastes, creams and gels may contain, in 
addition to an active compound of this invention, excipients, 
Such as animal and vegetable fats, oils, waxes, paraffins, 
starch, tragacanth, cellulose derivatives, polyethylene gly 
cols, silicones, bentonites, silicic acid, talc and Zinc oxide, or 
mixtures thereof. 

Powders and sprays can contain, in addition to a compound 
of this invention, excipients such as lactose, talc, silicic acid, 
aluminum hydroxide, calcium silicates and polyamide pow 
der, or mixtures of these Substances. Sprays can additionally 
contain customary propellants, such as chlorofluorohydro 
carbons and Volatile unsubstituted hydrocarbons, such as 
butane and propane. 

Transdermal patches have the added advantage of provid 
ing controlled delivery of a compound of the present inven 
tion to the body. Such dosage forms can be made by dissolv 
ing or dispersing the compound in the proper medium. 
Absorption enhancers can also be used to increase the flux of 
the compound across the skin. The rate of such flux can be 
controlled by either providing a rate controlling membrane or 
dispersing the active compound in a polymer matrix or gel. 

Ophthalmic formulations, eye ointments, powders, solu 
tions and the like, are also contemplated as being within the 
scope of this invention. Such solutions are useful for the 
treatment of conjunctivitis. 

Pharmaceutical compositions of this invention suitable for 
parenteral administration comprise one or more compounds 
of the invention in combination with one or more pharmaceu 
tically acceptable sterile isotonic aqueous or nonaqueous 
Solutions, dispersions, Suspensions or emulsions, or sterile 
powders which may be reconstituted into sterile injectable 
Solutions or dispersions just prior to use, which may contain 
antioxidants, buffers, bacteriostats, solutes which render the 
formulation isotonic with the blood of the intended recipient 
or Suspending or thickening agents. 

Examples of Suitable aqueous and nonaqueous carriers 
which may be employed in the pharmaceutical compositions 
of the invention include water, ethanol, polyols (such as glyc 
erol, propylene glycol, polyethylene glycol, and the like), and 
Suitable mixtures thereof, vegetable oils, such as olive oil, and 
injectable organic esters, such as ethyl oleate. Proper fluidity 
can be maintained, for example, by the use of coating mate 
rials, such as lecithin, by the maintenance of the required 
particle size in the case of dispersions, and by the use of 
Surfactants. 

These compositions may also contain adjuvants such as 
preservatives, wetting agents, emulsifying agents and dis 
persing agents. Prevention of the action of microorganisms 
may be ensured by the inclusion of various antibacterial and 
antifungal agents, for example, paraben, chlorobutanol, phe 
nol sorbic acid, and the like. It may also be desirable to 
include isotonic agents. Such as Sugars, sodium chloride, and 
the like into the compositions. In addition, prolonged absorp 
tion of the injectable pharmaceutical form may be brought 
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about by the inclusion of agents which delay absorption Such 
as aluminum monostearate and gelatin. 

In some cases, in order to prolong the effect of a drug, it is 
desirable to slow the absorption of the drug from subcutane 
ous or intramuscular injection. This may be accomplished by 
the use of a liquid Suspension of crystalline or amorphous 
material having poor water solubility. The rate of absorption 
of the drug then depends upon its rate of dissolution which, in 
turn, may depend upon crystal size and crystalline form. 
Alternatively, delayed absorption of a parenterally-adminis 
tered drug form is accomplished by dissolving or Suspending 
the drug in an oil vehicle. 

Injectable depot forms are made by forming microencap 
Sule matrices of the Subject compounds in biodegradable 
polymers such as polylactide-polyglycolide. Depending on 
the ratio of drug to polymer, and the nature of the particular 
polymer employed, the rate of drug release can be controlled. 
Examples of other biodegradable polymers include poly 
(orthoesters) and poly(anhydrides). Depot injectable formu 
lations are also prepared by entrapping the drug in liposomes 
or microemulsions which are compatible with body tissue. 
The preparations of the present invention may be given 

orally, parenterally, topically, or rectally. They are of course 
given by forms suitable for each administration route. For 
example, they are administered in tablets or capsule form, by 
injection, inhalation, eye lotion, ointment, Suppository, etc. 
administration by injection, infusion or inhalation; topical by 
lotion or ointment; and rectal by Suppositories. Intravenous 
injection administration is preferred. 
The phrases “parenteral administration” and “adminis 

tered parenterally as used herein means modes of adminis 
tration other than enteral and topical administration, usually 
by injection, and includes, without limitation, intravenous, 
intramuscular, intraarterial, intrathecal, intracapsular, 
intraorbital, intracardiac, intradermal, intraperitoneal, tran 
stracheal, Subcutaneous, Subcuticular, intraarticular, Subcap 
Sular, Subarachnoid, intraspinal and intrasternal injection and 
infusion. 
The phrases “systemic administration.” “administered sys 

tematically.” “peripheral administration' and “administered 
peripherally as used herein mean the administration of a 
compound, drug or other material other than directly into the 
central nervous system, such that it enters the patient’s system 
and, thus, is Subject to metabolism and other like processes, 
for example, Subcutaneous administration. 

These compounds may be administered to humans and 
other animals for therapy by any suitable route of adminis 
tration, including orally, nasally, as by, for example, a spray, 
rectally, intravaginally, parenterally, intracisternally and topi 
cally, as by powders, ointments or drops, including buccally 
and Sublingually. 

Regardless of the route of administration selected, the 
compounds of the present invention, which may be used in a 
Suitable hydrated form, and/or the pharmaceutical composi 
tions of the present invention, are formulated into pharma 
ceutically acceptable dosage forms by conventional methods 
known to those of ordinary skill in the art. 

Actual dosage levels of the active ingredients in the phar 
maceutical compositions of this invention may be varied so as 
to obtain an amount of the active ingredient which is effective 
to achieve the desired therapeutic response for a particular 
patient, composition, and mode of administration, without 
being toxic to the patient. 
The selected dosage level will depend upon a variety of 

factors including the activity of the particular compound of 
the present invention employed, or the ester, salt or amide 
thereof, the route of administration, the time of administra 
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tion, the rate of excretion of the particular compound being 
employed, the duration of the treatment, other drugs, com 
pounds and/or materials used in combination with the par 
ticular compound employed, the age, sex, weight, condition, 
general health and prior medical history of the patient being 
treated, and like factors well known in the medical arts. 
A physician or veterinarian having ordinary skill in the art 

can readily determine and prescribe the effective amount of 
the pharmaceutical composition required. For example, the 
physician or veterinarian could start doses of the compounds 
of the invention employed in the pharmaceutical composition 
at levels lower than that required in order to achieve the 
desired therapeutic effect and gradually increase the dosage 
until the desired effect is achieved. 

In general, a suitable daily dose of a compound of the 
invention will be that amount of the compound which is the 
lowest dose effective to produce a therapeutic effect. Such an 
effective dose will generally depend upon the factors 
described above. Generally, intravenous and Subcutaneous 
doses of the compounds of this invention for a patient, when 
used for the indicated analgesic effects, will range from about 
0.0001 to about 100 mg per kilogram of body weight per day, 
more preferably from about 0.01 to about 50 mg per kg per 
day, and still more preferably from about 0.1 to about 40 mg 
per kg per day. For example, between about 0.01 microgram 
and 20 micrograms, between about 20 micrograms and 100 
micrograms and between about 10 micrograms and 200 
micrograms of the compounds of the invention are adminis 
tered per 20 grams of Subject weight. 

If desired, the effective daily dose of the active compound 
may be administered as two, three, four, five, six or more 
sub-doses administered separately at appropriate intervals 
throughout the day, optionally, in unit dosage forms. 

The pharmaceutical compositions of the invention include 
a “therapeutically effective amount’ or a “prophylactically 
effective amount of one or more of the compounds of the 
invention. A “therapeutically effective amount” refers to an 
amount effective, at dosages and for periods of time neces 
sary, to achieve the desired therapeutic result, e.g., a dimin 
ishment or prevention of effects associated with various dis 
ease states or conditions. A therapeutically effective amount 
of the compound may vary according to factors such as the 
disease state, age, sex, and weight of the individual, and the 
ability of the therapeutic compound to elicit a desired 
response in the individual. Atherapeutically effective amount 
is also one in which any toxic or detrimental effects of the 
therapeutic agent are outweighed by the therapeutically ben 
eficial effects. A “prophylactically effective amount” refers to 
an amount effective, at dosages and for periods of time nec 
essary, to achieve the desired prophylactic result. Typically, 
since a prophylactic dose is used in Subjects prior to or at an 
earlier stage of disease, the prophylactically effective amount 
will be less than the therapeutically effective amount. 

Dosage regimens may be adjusted to provide the optimum 
desired response (e.g., a therapeutic or prophylactic 
response). For example, a single bolus may be administered, 
several divided doses may be administered over time or the 
dose may be proportionally reduced or increased as indicated 
by the exigencies of the therapeutic situation. It is especially 
advantageous to formulate parenteral compositions in dosage 
unit form for ease of administration and uniformity of dosage. 
Dosage unit form as used herein refers to physically discrete 
units Suited as unitary dosages for the mammalian Subjects to 
be treated; each unit containing a predetermined quantity of 
active compound calculated to produce the desired therapeu 
tic effect in association with the required pharmaceutical 
carrier. The specification for the dosage unit forms of the 
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invention are dictated by and directly dependent on (a) the 
unique characteristics of the compound and the particular 
therapeutic or prophylactic effect to be achieved, and (b) the 
limitations inherent in the art of compounding Such an active 
compound for the treatment of sensitivity in individuals. 
An exemplary, non-limiting range for a therapeutically or 

prophylactically effective amount of a compound of the 
invention is 0.1-20 mg/kg, more preferably 1-10 mg/kg. It is 
to be noted that dosage values may vary with the type and 
severity of the condition to be alleviated. It is to be further 
understood that for any particular Subject, specific dosage 
regimens should be adjusted over time according to the indi 
vidual need and the professional judgment of the person 
administering or Supervising the administration of the com 
positions, and that dosage ranges set forth herein are exem 
plary only and are not intended to limit the scope or practice 
of the claimed composition. 

Delivery of the compound of the present invention to the 
lung by way of inhalation is an important method of treating 
a variety of respiratory conditions (airway inflammation) 
noted throughout the specification, including Such common 
local conditions as bronchial asthma and chronic obstructive 
pulmonary disease. The compound can be administered to the 
lung in the form of an aerosol of particles of respirable size 
(less than about 10 um in diameter). The aerosol formulation 
can be presented as a liquid or a dry powder. In order to assure 
proper particle size in a liquid aerosol, as a suspension, par 
ticles can be prepared in respirable size and then incorporated 
into the Suspension formulation containing a propellant. 
Alternatively, formulations can be prepared in Solution form 
in order to avoid the concern for proper particle size in the 
formulation. Solution formulations should be dispensed in a 
manner that produces particles or droplets of respirable size. 
Once prepared an aerosol formulation is filled into an aero 

Solcanister equipped with a metered dose valve. The formu 
lation is dispensed via an actuator adapted to direct the dose 
from the valve to the subject. 

Formulations of the invention can be prepared by combin 
ing (i) at least one compound of the invention in an amount 
sufficient to provide a plurality of therapeutically effective 
doses; (ii) the water addition in an amount effective to stabi 
lize each of the formulations; (iii) the propellant in an amount 
Sufficient to propel a plurality of doses from an aerosol can 
ister, and (iv) any further optional components e.g. ethanol as 
a cosolvent; and dispersing the components. The components 
can be dispersed using a conventional mixer or homogenizer, 
by shaking, or by ultrasonic energy. Bulk formulation can be 
transferred to smaller individual aerosol vials by using valve 
to valve transfer methods, pressure filling or by using con 
ventional cold-fill methods. It is not required that a stabilizer 
used in a suspension aerosol formulation be soluble in the 
propellant. Those that are not sufficiently soluble can be 
coated onto the drug particles in an appropriate amount and 
the coated particles can then be incorporated in a formulation 
as described above. 

Aerosol canisters equipped with conventional valves, pref 
erably metered dose valves, can be used to deliver the formu 
lations of the invention. Conventional neoprene and buna 
valve rubbers used in metered dose valves for delivering 
conventional CFC formulations can be used with formula 
tions containing HFC-134a or HFC-227. Other suitable mate 
rials include nitrile rubber such as DB-218 (American Gasket 
and Rubber, Schiller Park, Ill.) or an EPDM rubber such as 
VistalonTM (Exxon), RoyaleneTM (UniRoyal), bunaFP 
(Bayer). Also suitable are diaphragms fashioned by extru 
Sion, injection molding or compression molding from a ther 
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moplastic elastomeric material such as FLEXOMERTM 
GERS 1085 NT polyolefin (Union Carbide). 

Formulations of the invention can be contained in conven 
tional aerosol canisters, coated or uncoated, anodized or 
unanodized, e.g., those of aluminum, glass, stainless steel, 
polyethylene terephthalate. 
The formulation(s) of the invention can be delivered to the 

respiratory tract and/or lung by oral inhalation in order to 
effect bronchodilation or in order to treat a condition suscep 
tible of treatment by inhalation, e.g., asthma, chronic obstruc 
tive pulmonary disease, etc. as described throughout the 
specification. 
The formulations of the invention can also be delivered by 

nasal inhalation as known in the art in order to treat or prevent 
the respiratory conditions mentioned throughout the specifi 
cation. 

While it is possible for a compound of the present invention 
to be administered alone, it is preferable to administer the 
compound as a pharmaceutical composition. 
The invention features an article of manufacture that con 

tains packaging material and a compound of the invention 
contained within the packaging material. This formulation 
contains an at least one compound of the invention and the 
packaging material contains a label or package insert indicat 
ing that the formulation can be administered to the Subject to 
treat one or more conditions as described herein, in an 
amount, at a frequency, and for a duration effective to treat or 
prevent Such condition(s). Such conditions are mentioned 
throughout the specification and are incorporated herein by 
reference. Suitable EPA analogs and DHA analogs are 
described herein. 
More specifically, the invention features an article of 

manufacture that contains packaging material and at least one 
compound of the invention contained within the packaging 
material. The packaging material contains a label or package 
insert indicating that the formulation can be administered to 
the Subject to asthma in an amount, at a frequency, and for a 
duration effective treat or prevent symptoms associated with 
Such disease states or conditions discussed throughout this 
specification. 

Materials and Methods 

Materials— 
Zymosan A, soybean lipoxygenase (fraction V), and cal 

cium ionophore, A-23 187, were purchased from Sigma Co. 
(St. Louis, Mo.). Docosahexaenoic acid (C22:6, DHA) and 
5-LO from potato (pt5LO) were from Cayman Chemical Co. 
(Ann Arbor, Mich.). Additional materials used in LC-UV 
MS-MS analyses were from vendors reported in (1,3). 'O. 
isotope was purchased from Cambridge Isotopes (Andover, 
Mass.). 

Isolation, LC-MS-MS and GC-MS Analyses— 
Incubations were extracted with deuterium-labeled inter 

nal standard (PGE) (Cayman Chemicals) for LC-MS-MS 
analysis using a Finnigan LCQ liquid chromatography ion 
trap tandem mass spectrometer equipped with a LUNAC18-2 
(150x2 mm 5um) column and a rapid spectra scanning UV 
diode array detector using mobile phase (methanol: water: 
acetate at 65:35:0.01) with a 0.2 ml/min flow rate that moni 
tored UV absorbance -0.1 min before samples entered the 
MS-MS. The scan acquisition rates were 11/min for MS-MS 
and 60/min for UV, which give rise to a lag interval in reten 
tion times that was corrected in the results presented for each 
molecule. All intact cell incubations and in vivo exudates 
were stopped with 2 vol cold methanol and kept at 20°C. for 
>30 min. Samples were extracted using C18 solid phase 
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extraction and further analyzed using gas chromatography 
mass spectrometry (GC-MS) using a Hewlett-Packard 6890 
with a HP5973 mass detector (see FIG. 8), and tandem liquid 
chromatography-mass spectrometry (LC-MS-MS). Detailed 
procedures for isolation, quantitation, and structural determi 
nation of these DHA and related lipid-derived mediators were 
reported recently (1,36) and used here essentially as reported 
for elucidation of new products. Biogenic synthesis of some 
of the DHA-derived products were performed using isolated 
enzymes, i.e., 5-LOX from potato and 15-LO were each incu 
bated in tandem sequential reactions (see refs. 1, 3, 37, 38) 
with either DHA, 17S-hydroxy-DHA, or 17S-hydroperoxy 
DHA to produce the compounds in quantities suitable for 
isolation and incubation with cells and tissues as well as 
confirmation of physical properties and assigning biological 
actions. Incubations in an 'O,-enriched atmosphere were 
performed and analyzed as in ref (39). 
NMR for Protectin D1– 
H NMR (400 MHz, MeOH-d4): 86.52 (dd, J=14.1 Hz and 

11.8 Hz, 1H), 6.26 (m, 2H), 6.07 (dd, J=11.1 Hz and 11.1 Hz, 
1H), 5.50-5.28 (m, 7H), 4.90 (s. 2H), 5.50-5.60 (m, 2H), 4.55 
(m. 1H), 4.14 (m, 1H), 3.65 (s.3H), 2.82 (m, 2H), 2.40-2.13 
(m, 8H), 2.06 (m, 2H), 2.07 (m, 2H), 0.96 (t, J–7.5 Hz, 3H). 
'C NMR (125 Hz, MeOH-d4): & 174.93, 137.59, 134.56, 

134.47, 134.35, 131.01, 130.52, 130.17, 129.92, 128.57, 
128.52, 126.14, 124.89, 72.60, 68.18, 36.00, 35.97, 34.45, 
26.30, 23.43, 21.312, 14.20. 

Incubations with Human PMN and Whole Murine Brain— 
Human venous whole blood (~10 ml) was collected into 

heparin (0.01 units/ml) via Venipuncture from healthy volun 
teers (who declined taking medication for -2 weeks before 
donation; Brigham and Women’s Hospital protocol 
88-02642). Human PMN were freshly isolated from whole 
blood using Ficoll gradient and enumerated as in (40). PMN 
(30x10 cells/ml) were exposed to ionophore A23.187 (5uM) 
with either DHA or 17S-hydro(peroxy)-DHA (15 ug/ml). 
Cell suspensions were incubated for 30 min at 37° C. in a 
covered water bath. Lipidomics and lipid mediator profile 
analyses were carried out for DHA-derived products, 
resolvins, and docosatrienes as in (1,3, 18,36). Wholemurine 
brains (Charles River Laboratories, Wilmington, Mass.) were 
excised, and then homogenized in PBS (minus Mg" and 
Ca") (Cambrex Bioscience, Walkersville, Md.). Brain 
homogenates were washed one time (800 rpm, 4°C., 5 min) 
in PBS, and then suspended in 1 ml of PBS minus divalent 
cations. Homogenates were placed in the incubator (5 min) 
with an atmosphere of 5% CO., 37°C., and calcium iono 
phore A23.187 (5 M) or DHA (30 uM) was added. Brain 
homogenates were then placed in the incubator for 30 min 
with an atmosphere of 5% CO (37° C.). Incubations were 
stopped with 2 volumes of ice-cold MeOH, and, after 30 min 
at 4°C., the Suspensions were pelleted and the Supernatants 
were extracted using solid phase C18 cartridges (Alltech 
Associates, Deerfield, Ill.). Material eluted with methyl for 
mate was taken to dryness using a stream of nitrogen gas and 
taken for further analyses. 
Human Neutrophil Transmigration— 
PMN were freshly isolated from whole blood obtained by 

Venipuncture from healthy human donors (who denied taking 
medication for 2 weeks prior to donation: BWH protocol no. 
88-02642) and anti-coagulated with acid citrate dextrose as in 
(40, 41). Briefly, plasma and mononuclear cells were 
removed by aspiration from the buffy coat after centrifuga 
tion (400 g; 20 min) at room temperature. Histopaque (den 
sity 1.077) was from Sigma-Aldrich (St. Louis, Mo.). RBCs 
were sedimented using 2% gelatin, and residual RBCs were 
removed by lysis in ice-cold NHCl buffer. The cell suspen 
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sions were >90% PMN as determined by light microscopic 
evaluation. PMN were suspended at 5x107 cells/ml in HBSS 
with 10 mM Hepes, pH 7.4, and without Ca" or Mg." 
(Sigma-Aldrich, St. Louis, Mo.). PMN were used within 2 
hours of their isolation. 
Human Microvascular Endothelial Cells (HMEC; a gift 

from Francisco Candal of the Centers for Disease Control, 
Atlanta, Ga.) were obtained as primary cultures. For prepa 
ration of experimental HMEC monolayers, confluent endot 
helial cells were grown on 0.33 cm ring-supported polycar 
bonate filters (5 um pore size; Costar Corp., Cambridge, 
Mass.) in the apical-to-basolateral direction. Cells were 
grown for ~1 week prior to transmigration experiments. 

Transmigration was conducted essentially as in ref. (41). 
PMN were incubated with either vehicle-containing buffer or 
compound for 15 minutes at 37° C. A chemotactic gradient 
was established by placing HMEC inserts that had been 
washed in HBSS with Ca" and Mg" (denoted +/+) in 10M 
LTB in the lower chambers. Neutrophils (10° cells) were 
added to 50 ul HBSS +/+ in the upper chambers and cells were 
incubated at 37° C. for 90 min. Transmigrated PMN were 
quantified by assessing the PMNaZurophilic marker myelop 
eroxidase and a calibration curve. PMN were lysed by the 
addition of TritonX-100 to a final concentration of 0.5%. The 
samples were acidified with citrate buffer (final concentration 
100 mM, pH 4.2). An aliquot of each sample was added to an 
equal volume of ABTS solution (1 mM ABTS 2'-azino-bis 
(3-ethylbenzo-thiazoline-6-sulfonic acid), 0.03% H.O., 100 
mM sodium citrate buffer, pH 4.2) in a 96-well plate. The 
resulting color was monitored using a plate reader at 405 nm 
and a calibration curve for cell number. 

Acute Inflammatory Exudates: Murine Peritonitis 
Peritonitis was carried out using 6-8 week-old FVB male 

mice (Charles River Laboratories) fed laboratory Rodent Diet 
5001 (Purina Mills) that were anesthetized with isoflurane, 
and compounds to be tested were administered intraperito 
neally. Zymosan A in 1 ml saline (1 mg/ml) was injected 
~1-1.5 min later in the peritoneum. Each compound tested or 
vehicle alone was suspended in 1 Jul ethanol and mixed in 
sterile saline (120 ul). After intraperitoneal injections (either 
2 or 4 hours of acute inflammation), the mice were sacrificed 
in accordance with the Harvard Medical Area Standing Com 
mittee on Animals protocol no. 02570, and peritoneal lavages 
were collected rapidly and placed in an ice bath (4°C.) for 
enumeration, differential counts, and further analysis. 

Sensitization and Challenge Protocols— 
Five to seven week old male FvE mice (Charles River 

Laboratories) were housed in isolation cages under viral anti 
body-free conditions. Mice were fed a standard diet (Labo 
ratory Rodent Diet 5001, PMI Nutrition International) that 
contained no less than 4.5% total fat with 0.26% omega-3 
fatty acids and <0.01% C20:4. After Harvard Medical Area 
IRB approval (Protocol #02570), mice were sensitized with 
intraperitoneal injections of ovalbumin (OVA) (Grade III; 
Sigma Chemical Co.) (10 ug) plus 1 mg aluminum hydroxide 
(ALUM) (J.T. Baker Chemical Co.) as adjuvantin 0.2 ml PBS 
on days 0 and 7. On days 14, 15, 16 and 17, the mice received 
PD1 (2, 20 or 200 ng) (a product of biogenic synthesis (52)) 
or PBS with 1.6 mM CaCl and 1.6 mM MgCl, (0.1 ml) by 
intravenous injection 30 min prior to an aerosol challenge 
containing either PBS or 6% OVA for 25 min/day. Matching 
experiments were performed with 20 ng PD1 prepared by 
total organic synthesis (62). 
On day 18, 24 h after the last aerosol challenge, either 

airway responsiveness to aerosolized methacholine (0, 20, 50 
and 75 mg, 10 sec) was measured, bilateral bronchoalveolar 
lavage (BAL) (2 aliquots of 1 ml PES plus 0.6 mM EDTA) 
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was performed or tissues were harvested for histological 
analysis. Lung resistance was measured using a Flexivent 
ventilator (SciReq). Resistance was measured as a function of 
time for each animal, and peak and average values for each 
dose of methacholine were recorded. No BAL or histological 
analysis was performed on those animals undergoing airway 
hyper-responsiveness or lipid extraction studies. 

In select experiments, animals were sensitized and 
aeroallergen challenged for four days prior to receiving PD1 
(20 ng) or PBS by intravenous injection (0.1 ml) on days 18, 
19 and 20. On day 21, bilateral BAL was performed. 

Allergen-Initiated Respiratory Inflammation— 
Murine lungs were fixed in 10% buffered formalin and 

paraffin embedded for hematoxylin and eosin and periodic 
acid Schiff staining (Sigma Chemical Co.). Tissue morphom 
etry was performed by a member (K. Haley) of the Lung 
Histopathology Core Laboratory at Brigham and Women's 
Hospital who was blinded to the experimental conditions 
prior to histological analyses. Three fields per slide were 
examined at 200x magnification for vessels, large airways 
and alveoli with EOS counted at 400x magnification in ran 
domly assigned fields. Vessels were identified by perivascular 
Smooth muscle, and large airways were identified by at least 
/2 their diameter either cuboidal or columnar epithelia. Mea 
Surement of inflammatory mediators was determined in cell 
free BAL fluid (BALF) (2000 g, 10 min) by sensitive and 
specific ELISAs, in tandem, for interleukin-5 (IL-5), IL-12, 
IL-13, PGD (R&D Systems), cysteinyl LTs, (Cayman 
Chemical Co.), and LXA (Neogen). Cells in BALF were 
resuspended in PBS, enumerated by hemocytometer, and 
concentrated onto microscope slides by cytocentrifuge 
(STATspin) (265 g). Cells were stained with a Wright-Giemsa 
stain (Sigma Chemical Co.) to determine leukocyte differen 
tials (after counting a 200 cells). 
PD1 Extraction and Identification by LC-MS-MS 
Exhaled breath condensates were collected by R-tube 

(Respiratory Research, Inc.) from volunteer subjects who had 
given written informed consent to a protocol approved by the 
Brigham and Women’s Hospital Committee for the Protec 
tion of Human Subjects in Research. Samples were collected 
during 10 minutes of tidal breathing. Characteristics of the 
subjects are provided in FIG. 10. For samples of murine lung, 
blood was flushed from the pulmonary circulation with 2 ml 
PBS, and whole murine lungs were removed from OVA 
sensitized/OVA-challenged and control mice on Day 18. 
Using a manual dounce, lungs were gently homogenized for 
direct lipid extraction in MeCH or in some cases were 
warmed (5min, 37° C.) in PBS, and incubated (40 min, 37° 
C.) in the absence or presence of DHA (100 ug). Reactions 
were stopped with 10 volumes of iced MeOH and stored at 
-20°C. overnight. 

Lipids in EBC or murine lung were extracted using C18 
cartridges (Alltech) and deuterium-labeled da-PGE as an 
internal standard to correct for losses during extraction (52). 
Materials eluting in the methyl formate fraction were taken to 
HPLC coupled to a photo-diode-array detector and tandem 
mass spectrometry (LC-PDA-MS-MS. ThermoFinnigan) for 
lipidomic analyses. PD1 was identified using criteria that 
include retention time, coelution with authentic 10R, 17S 
dihydroxy-docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic acid, 
UV absorbance in methanol () max 270 nm with shoulders at 
261 and 281 nm, a triple band of absorption consistent with a 
conjugated triene structure) and at least 5 diagnostic MS-MS 
ions (m/z. 359 M-H, 341 (M-H-HO; base peak), 323 
(IM-H-2H2O), 315 (M-H-CO), 297 (IM-H-HO, 
—CO), and 277 (M-H-H-2HO CO.), plus additional 
ions defining the presence of the C10 and C17 hydroxyl (i.e., 
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m/Z 289,261,243 (261-HO), 217 (261-CO), 205, 181, 163 
(181-HO) and 153) (FIG. 11). The quantitation of PD1 was 
determined following LC-MS-MS analyses using a calibra 
tion curve (r=0.991) and the chromatographic peak areas 
obtained via selective ion monitoring. 

Statistical Analysis— 
Results are expressed as the meant-SEM. Statistical sig 

nificance of differences was assessed by Student's t-test and 
Kruskal-Wallis nonparametric one-way ANOVA. P-0.05 
was set as the level of significance. 

Results 

Complete Stereochemistry of PD1— 
The DHA-derived 10,17-dihydroxy conjugated triene 

containing product PD1 is generated by several human cell 
types, murine exudates, skin, and brain tissues (1-3, 32), as 
well as isolated fish tissues, indicating that it is a conserved 
structure in evolution (35). PD1 displays potent protective 
and anti-inflammatory actions (1, 2, 18, 32). To determine the 
complete stereochemical assignment of PD1, i.e., the chiral 
ity at C10 and the geometry of the triene, the physical and 
biologic properties of DHA-derived PD1 and related 10, 17 
dihydroxy-docosatriene Stereoisomers were directly com 
pared to those prepared by total organic and biogenic synthe 
sis. These included: I 10S,17S-dihydroxy-docosa-4Z.7Z. 
11E,13Z,15E, 197-hexaenoic acid; II 10R, 17S-dihydroxy 
docosa-4Z,7Z,11E,13E,15Z,197-hexaenoic-acid and V 10S, 
17R,-dihydroxy-docosa-4Z,7Z,11E,13E,15Z,197.- 
hexaenoic-acid coelute in this HPLC system; III 10R, 17S 
dihydroxy-docosa-4Z.7Z,11E,13E15E, 197-hexaenoic 
acid: IV. 10R,17S-dihydroxy-docosa-4Z.7Z,11E,13Z,15E, 
19Z-hexaenoic-acid; and VI 10S,17S-dihydroxy-docosa-4Z, 
7Z,11E,13E,15Z,197-hexaenoic-acid. The total synthesis of 
these will be reported elsewhere. Of interest, I and VI 
coeluted in this system, as did both II and V (FIGS. 1 and 2). 
Bioactive PD1 was generated by isolated human cells, murine 
brain tissue, and during inflammation in vivo. FIG. 1 reports 
representative chromatographic profiles for PD1 generated 
by isolated human neutrophils incubated with DHA that was 
separated into several positional and geometric isomers (FIG. 
1A, top panel). The main positional isomer of 10,17S-doco 
satriene was 7,17-diFIDHA (denoted resolvin D5), as docu 
mented earlier (1,3), and a double dioxygenation product 
(see Ref. 37). Also, a representative profile of products is 
given for those obtained from murine inflammatory exudates 
(FIG. 1A, middle panel) and neural tissues (not shown). A 
direct comparison of these materials is reported in Panel A. 
FIG. 1 along with the profile obtained for synthetic materials 
(FIG. 1A, lower panel) and chromatograms recorded by MS 
MS (right) and UV at 270 nm (FIG. 1A, left side). 
The complete stereochemistry of bioactive 10,17-docosa 

triene, PD1, namely the double bond geometry of the conju 
gated triene unit and chirality of its carbon 10-position 
remained to be established (see FIG. 2, top, middle). In order 
to assign the complete stereochemistry of bioactive PD1 and 
its related natural geometric isomers, it was necessary to carry 
out total organic synthesis and side-by-side matching experi 
ments with murine and human systems because PD1 is gen 
erated in only nanogram quantities commensurate with its 
potent actions in vivo and in vitro, but preclude direct NMR 
analysis. The mixture of synthetic isomers used is shown in 
the lower insert of Panel A, FIG. 1. The human and murine 
generated bioactive PD1 matched the physical and biologic 
properties of synthetic 10R, 17S-dihydroxy-docosa-4Z.7Z. 
11E,13E,15Z,197-hexaenoic acid (Compound II). In addi 
tion to both LC-MS-MS and GC-MS analyses with these 
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materials (FIG. 8), experiments were carried out with both 
biologic and synthetic isomers prepared with the same overall 
backbone structure, namely 10,17-dihydroxydocosatriene. A 
17R-containing isomer was prepared and included in these 
experiments (isomerV: see FIG.2), but could be eliminated in 
these assignments, since 17R-containing products are the 
major series produced from DHA when aspirin is used (3,18). 
Thus, although II and V coelute in this system, V could be 
eliminated as a major DHA-derived product in these incuba 
tions (FIGS. 1 and 2). 
The chirality of the alcohols and double bond geometry of 

the triene were systematically addressed. FIG. 1B shows the 
MS-MS spectrum of PD1 obtained from murine peritonitis (4 
h) generated in vivo upon challenge with Zymosan A. FIG. 1, 
Panel C reports the mass spectrum recorded using the same 
instrument settings and conditions with synthetic 10R, 17S 
dihydroxy-docosa-4Z.7Z,11E,13E,15Z,197-hexaenoic acid 
(Compound II, FIGS. 1 and 2). To obtain additional evidence 
for matching, GC-MS analyses were performed. FIG. 1, 
Panel D reports a representative mass spectrum and promi 
nent ions obtained with GC-MS for PD1 treated with diaz 
omethane and Subsequently converted to its corresponding 
trimethylsilyl derivative. Hence, chromatographic behavior 
and prominent ions in two mass spectrometry systems (LC 
MS-MS and GC-MS), together with biological activity (see 
FIGS. 5 and 6), permitted criteria for assignment of the physi 
cal properties of PD1 and related isomers. Since the parent 
and daughter ions were the same for each isomer, retention 
time in two chromatographic systems and bioactivity were 
needed for assigning the stereochemistry of the endogenous 
PD1 (vide infra). 
Compounds synthesized for these matching experiments 

are given in FIG. 2. PD1 isolated and identified earlier carries 
alcohol groups at carbon 10 and 17 positions flanking the 
conjugated triene portion of this molecule (1,3). The stere 
ochemistry of the carbon 17-position alcohol was retained 
from the precursor predominantly in the S configuration 
when derived from the LOX product 17S-H(p)DHA precur 
Sor (1,3), eliminating isomer V from the matching panel in 
FIGS. 1 and 2. The double bond geometry and stereochem 
istry of the alcohol group at position 10 were tentatively 
assigned based on biogenic evidence, i.e., the formation of 
alcohol trapping products in murine brain and human leuko 
cytes as well as identification of two vicinal diols 16,17S 
diHDHA; hence the complete stereochemical assignment 
remained as illustrated in FIG. 2, top. To this end, each of the 
double bond isomers likely to be biosynthesized was pre 
pared in view of potential biosynthetic routes involved in PD1 
formation, namely the involvement of epoxide-containing 
intermediates and/or double dioxygenation intermediates 
(1-3). The R and S configuration of the alcohol group at the 
carbon 10-position were each prepared by stereocontrolled 
total organic synthesis. The strategy for the synthesis of these 
is outlined in FIG. 3. Each of the stereocontrolled steps from 
defined precursors enabled preparation of geometric isomers 
of the conjugated triene region that were confirmed by NMR 
(see Materials and Methods). Also, for these experiments 
dihydroxydocosanoids were prepared using isolated plant 
lipoxygenase(s) to obtain, as in earlier experiments (37), both 
positional isomers 7,17S-diHDHA and 10,17S-diHDHA (1, 
3). The preparation of these using micellar Substrate was 
given in further detail in (37). These reference compounds 
were useful in analyses of biosynthetic routes (see below). 

FIG. 8 reports the prominent ions and chromatographic 
behaviors for each of the double bond and positional isomers 
prepared (FIG. 2). As expected, each of these isomers gave 
characteristic UV '' for a conjugated triene chro X 
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mophore with a ''' at ~270 nm with shoulders at 260 
nm and 282 nm (t2 nm). Each isomer gave a specific 

'', which appeared to reflect the geometry of the 
double bond system. For example, the A15-trans isomer in the 
conjugated triene portion of 10,17-diFIDHA gave a UV 

''' of 269 nm (FIG. 8). Only one of these products 
(Compound II) matched the chromatographic behavior using 
both LC-MS and GC-MS as well as biological activity. As 
expected, each of the major prominentions for these isomers 
in both LC-MS-MS and GC-MS were essentially identical 
(i.e., daughter and parent ions were essentially the same for 
each). 
The main materials isolated from human PMN coeluted 

with compound II and, in some preparations, a trace amount 
of compound IV. Compound IV differs from II in its triene 
configuration, which is 11E.13Z,15E. This change in two 
double bonds was unlikely in view of the earlier identification 
of alcohol trapping products (1). Also, compound IV was not 
observed in all PMN incubations, which might reflect some 
degree of donor variation. A second representative profile 
from another human donor is reported in FIG. 1A, top right 
panel, at m/z. 260.8 to 261.8 of the MS-MS for M-1 at 
m/z. 359. As noted for this ion plot and donor, compound II is 
the most abundant and IV is not present. Also, compound I is 
clearly presentalong with an unknown material denoted with 
an asterisk. In this panel, the retention time of isomer III is 
plotted in gray for direct comparison. Only trace amounts of 
III, the A15-trans isomer of PD1, were routinely identified. 
The appearance of this A 15-trans isomer with its triene in the 
all-trans configuration likely reflects workup-induced 
isomerization at the A15 position, which may account for its 
varied presence in LC-MS-MS-based analysis. This is in 
addition to A15-trans-PD1 formation via nonenzymatic 
hydrolysis of the proposed epoxide intermediate (FIG. 4B). 
Compound I was consistently identified in profiles 

obtained from murine peritonitis (FIG. 1A middle). However, 
it was not the major product of human cells nor did it carry 
potent actions as compound II did (FIGS. 5, 6), also reported 
earlier (1,3,39). Consistent with its biosynthesis (vide infra), 
the appearance of this double dioxygenation product was 
time-dependent in Vivo and in vitro (not shown). Although 
isomer VI coeluted with I in this system, it was excluded on 
the basis that it was not a major product of human cells and is 
not likely to be generated from an epoxide intermediate with 
out a specialized enzyme (see FIG. 4 and below). The stereo 
selective insertion of oxygen from H2O can be expected to 
give rise to predominantly a 10R configuration when attach 
ing a carbonium cation intermediate; proposed in ref (1). 
Compound VI differs from PD1 in its C10 position, which is 
10S rather than 10R and is not a double dioxygenation prod 
uct because its double bond geometry in the triene portion of 
the compound is not consistent with the biosynthesis of the 
triene in the trans, cis, trans configuration. Since these and 
other lipid mediators are highly conserved structures found in 
many species from fish to human (35), a species difference 
between mouse and human in PD1 structure is not likely. 
Hence, although compound VI carries bioactivity (FIG. 6), it 
was excluded on the basis of the above findings and because 
compound VI was not a major isomer in human profiles, as 
compound II was. Hence, compound II matched PD1 forma 
tion and physical properties as well as potency of action (see 
below). 

The biosynthesis of 7,17-diFIDHA in inflammatory exu 
dates (3, 18) and its formation from DHA or 17-hydroxy 
DHA with isolated human neutrophils suggested that the 
biosynthesis of this compound involved formation via double 
dioxygenation (18). That is, in addition to using molecular 
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oxygen for insertion at the 17-position, lipoxygenation could 
also insert molecular oxygen at the 7-position in sequential 
fashion. The identification of this novel compound from DHA 
and the sequential lipoxygenation events in its formation (1. 
3) appeared to be similar to that of 5S, 15S-diHETE generated 
from arachidonic acid (42, 43). Hence, it was of particular 
interest in earlier studies (37) when sequential actions of 
potato 5-lipoxygenase and/or 15-lipoxygenase with the Sub 
strates in micellar configuration were noted to produce both 
7,17-diHDHA and 10,17-diFIDHA isomers as major prod 
ucts as well as multiple geometric isomers as minor products 
following hydrolysis of enzymatically generated epoxides in 
vitro (cf. 1, cf. 3). The formation of the minor isomers was 
dependent on Substrate, pH, and enzyme concentration. 
To test the role of sequential LO actions in the proposed 

mechanism of PD1 formation (Compound II; see FIG. 2) and 
its isomer 10S, 17S-diHDHA (Compound I), incubations 
were carried out in an atmosphere enriched in isotope O, 
with 17-hydroperoxy-DHA as substrate and isolated pt 5-li 
poxygenase (see Methods). Note that Compounds I and II 
differ in both chirality at carbon 10 and geometry of their 
respective triene configurations (FIG. 2). Following extrac 
tion and isolation, the product profiles, GC-MS and LC-MS 
MS results indicated that 'O was incorporated in the carbon 
10-position in 10S, 17S-diHDHA (FIG. 4). Chromatographic 
separation of 10S,17S-diHDHA (FIG. 4) gave prominent 
ions with MS-MS (FIG. 4, Panel A), indicating on average 
>75% incorporation of 'O originating from molecular oxy 
gen in the carbon 10-position with a range of 51.4 to 91.8% 
increase in diagnostic ions. Since these enzymes use molecu 
lar oxygen as a Substrate, it is not possible, under these con 
ditions, to completely replace enzyme-associated 'O for the 
'O isotope as calculated earlier for lipoxin A in refs. (39. 
44). The extent of "O present in diagnostic ions was deter 
mined for m/z 181/183,261/263,289/291, 297/299, 315/317, 
323/325, 341/343, and 359/361, and the ratio of 'O to 'O 
calculated from ion intensities and averaged. These results 
indicate that 10S,17S-diHDHA can be produced via double 
lipoxygenation. 

Results from matching studies indicated that the double 
bond geometry for the conjugated triene portion of this mol 
ecule was in the trans,cis, trans configuration (matching Com 
pound I, FIG. 2). Hence, double dioxygenation to form 10S, 
17S-diHDHA was also a mechanism to generate this 
compound in Vivo, since it is a prominent product in murine 
exudates from peritonitis, and to Some extent present in Sus 
pensions of human leukocytes incubated with DHA, (FIG. 1 
and ref1) and murine brain (3, 18), as well as trout leukocytes 
and brain (35). FIG.4, Panel B outlines the proposed scheme 
and proposed role for double dioxygenation and its products 
10S, 17S-diHDHA and 7S, 17S-diHDHA. The double bond 
geometry in the conjugated triene portion of the molecule 
(trans,cis,trans) is consistent with oxygenation using molecu 
lar oxygen with two sequential lipoxygenation steps. Given 
the biological actions, chromatographic and physical proper 
ties of PD1 as well as the results from epoxide trapping 
experiments with human PMN and the isolation of two vici 
nal diol 16,17S-dihydroxy-docosatrienes as minor products 
(1), it is likely that, once a 16,17-epoxide-containing inter 
mediate is generated in situ (as illustrated in FIG. 4), an 
enzymatic reaction is needed to efficiently produce PD1 car 
rying the 10R, 17S-dihydroxy-trans,trans,cis configuration 
arising from an epoxide intermediate as depicted in FIG. 4. 
Panel B. 

Anti-Inflammatory Actions of PD1— 
As indicated above, the complete Stereochemical assign 

ment for synthetic PD1 also relied on determining biological 
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action of the related isomers. Earlier results indicated that 
PD1s anti-inflammatory properties were comprised of 
blocking leukocyte infiltration in murine systems (1, 3, 32. 
37). Results in FIG.5 show that synthetic PD1 reduced PMN 
transmigration in response to leukotriene B. Amounts as 
small as 1.0 nM gave 30% inhibition. The A15-trans isomer of 
PD1, where the conjugated triene portion of the molecule was 
in the trans configuration, did not block PMN transmigration 
in vitro. Although PD1 is a potent inhibitor in neutrophil 
transmigration, the degree of inhibition observed with mono 
layers of human microvascular endothelial cells and human 
neutrophils from >5 separate donors did not achieve values 
greater than 50% inhibition in each experiment. 

These experiments with transmigration were carried out in 
parallel with murine acute inflammation. In these, acute peri 
tonitis was initiated by challenge with the microbial isolate 
Zymosan A and the actions of five isomers were assessed in 
vivo. Two compounds (Compound V and Compound VI) 
were excluded from matching with PD1 because the physical 
retention times on LC and GC-MS (FIG. 1 and FIG. 8) and 
biosynthetic considerations indicated that they were not 
likely candidates for endogenous human PD1 or isomers 
produced. It is noteworthy that PD1 (Compound II, FIG. 2) at 
doses as low as 1 ng per mouse gave striking inhibition of 
PMN infiltration within the exudates. In these experiments, 
the double dioxygenation product 10S, 17S-docosatriene 
(Compound I) was substantially less potent. In this context, 
the double dioxygenation product was not active at 0.1 ng 
compared directly to synthetic PD1. At higher doses, 10S, 
17S-HDHA (Compound I) blocked PMN infiltration, but it 
was less potent than PD1. Compound IV, which is the 10R 
version of the double dioxygenation products, was essentially 
equipotent at a 1 ng dose (Compound IV's Compound I) but 
did not increase potency in a dose-dependent fashion at 10 ng 
and 100 ng doses (not shown). The A15-trans isomer of PD1 
was, at equal doses of 1 ng/mouse, Substantially less potent. 
Also, a rogue isomer for this series, Compound V (FIG. 2) 
was not likely to be produced in vivo from the 17S-hydroxy 
precursor because its 10S,17R-diHDHA was essentially 
without activity in this dose range. Of interest, Compound VI 
was the most potent of these isomers in vivo. However, only 
trace amounts were noted in human PMN extracts. Hence, a 
rank order of potency at the 0.1 ng dose of these 10,17 
diHDHA isomers was Compound VDPD1>10S,17S-DT 
(the double dioxygenation product)>the A15-trans 
PD1 >Compound V. The carboxy methyl ester of PD1 was 
also tested versus the native synthetic PD1. FIG. 6, Panel B 
demonstrates the potent dose response of PD1 as it dramati 
cally reduced the infiltration of PMN into the peritoneum. 
The carbon 1-position carboxy-methyl ester was similar in its 
ability to block in vivo the hallmark of acute inflammation, 
namely PMN infiltration. The methyl ester of Compound VI 
also proved to be a potent regulator of PMN infiltration. 
Can PD1 Stop Inflammation after its Initiation? - 
Next, PD1 or its methyl ester was tested to determine if it 

could reduce leukocyte infiltration once inflammation had 
already been initiated. Results in FIG. 7A indicate that doses 
as low as 1 ng PD1/mouse diminished infiltration of PMN 
when administered i.p. following 2 h after challenge with 
Zymosan in vivo. Similar and striking results were obtained 
with the carboxy methyl ester of PD1, also administered i.p. 
Hence, once PD1 was given, essentially no further infiltration 
of PMN into the peritoneum was obtained with essentially 
>90% blocking of further PMN infiltration to the site. The 
anti-inflammatory actions of DHA-derived PD1 and EPA 
derived resolvin E1 were evaluated for synergistic or additive 
effects in vivo. RVE1 is derived from EPA and is another 
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omega-3-derived counterregulatory anti-inflammatory lipid 
mediator recently isolated and identified (3, 45). When 
administered together, RVE1 and PD1 both reduced the infil 
tration of PMN in vivo during Zymosan-induced peritonitis 
(FIG. 7B). These results indicate that they have a potential 
additive rather than synergistic anti-inflammatory action 
when administered together in vivo. A chemically more 
stable form of synthetic PD1, i.e., 15, 16-dehydro-PD1, was 
prepared and tested that proved to retain activity in Vivo, 
reducing PMN infiltration, albeit was slightly less potent than 
the native PD1 (FIG. 9). Of interest, differential counts on 
light microscopy also revealed that both PD1 and its chemical 
analog 15, 16-dehydro-PD1 reduced PMN infiltration and 
increased the non-phlogistic recruitment of monocytes and 
lymphocytes (FIG. 8) while reducing inflammation, a hall 
mark of resolution (17,31). 
PD1 is Present in Asthma and Endogenously Generated in 

Allergic Lung - 
To determine if DHA-derived products are generated in 

respiratory tissues, lipid extracts from exhaled breath conden 
sates (EBCs) were analyzed that were collected from healthy 
Volunteer Subjects and patients in the emergency department 
during a clinical exacerbation of asthma (FIG. 10). PD1 and 
its biosynthetic precursor, 17(S)-hydroxy-DHA were present 
in these human respiratory tract secretions (FIG. 11). Levels 
of PD1 were significantly lower in EBCs from subjects with 
status asthmaticus (trace amounts) compared to healthy indi 
viduals (2.23+/- 1.55 ng PD1/ml EBC, mean+/-SEM, 
P<0.05). These results indicate that asthma exacerbation is 
associated with reduced airway levels of the counter-regula 
tory lipid mediator PD1. 

To investigate potential roles for PD1 in airway inflamma 
tion, an experimental animal model of allergic asthma was 
studied. After sensitization and aerosol challenge with aller 
gen, murine lungs generated PD1 from endogenous sources 
(73.9+/-35.6 ng PD1, mean+/-SEM for n=3). Of note, PD1 
levels in the inflamed lungs were not significantly different 
from those in healthy murine lungs (45.8 ng PD1). Similar to 
results with human EBCs, 17(S)-hydroxy-DHA was also 
present in murine lungs. Addition of exogenous DHA to a 
homogenate of the inflamed murine lungs ex vivo signifi 
cantly increased mean PD1 levels by 5.8-fold to 431.6+/-69.3 
ng PD1 (mean+/-SEM, n=3, P<0.02). These findings indi 
cate that during airway inflammation, respiratory tissues can 
convert DHA to 17(S)-hydroxy-DHA and PD1. 

Allergic Airway Inflammation Decreases with PD1— 
To determine the impact of PD1 on airway inflammation, 

physiologically relevant quantities (2, 20 or 200 ng) were 
administered by intravenous injection to allergen-sensitized 
animals just prior (30 min) to each aerosol challenge. For 
these experiments, PD1 was produced via biogenic synthesis 
and matching studies were performed with PD1 that was 
prepared by total organic synthesis (62). Animals receiving 
PD1 had substantially less EOS and Lymphs in the peribron 
chial regions and airspaces compared to control mice that 
received only vehicle (FIG. 12). PD1 also reduced goblet cell 
hyperplasia and airway mucus as determined by periodic acid 
Schiff stain (FIG. 13). Morphometric analyses identified sig 
nificant decreases in EOS tissue infiltration around vessels 
and in the large and peripheral airways (FIG. 14a). In BALF, 
PD1 decreased total leukocytes, EOS, and Lymphs in a con 
centration-dependent manner (FIG. 14b), and levels of pep 
tide and lipid pro-inflammatory mediators were selectively 
reduced (FIG. 15). PD1 administration blocked allergen-in 
duced increases in IL-13, CysLTs and PGD, all of which 
have been assigned pivotal roles in asthma pathobiology (63 
65). Of note, PD1 did not significantly impact IL-5 or IL-12 
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levels in BALF. In conjunction with decreased airway inflam 
mation, levels of the counter-regulatory eicosanoid LXA 
were diminished in the presence of PD1 (FIG. 14b). No 
behavioral or physical signs of toxicity with PD1 treatment 
were observed. Together, these results indicate that PD1, in 
nanogram quantities, significantly reduced allergic pulmo 
nary inflammation, and Suggests that its mechanism of action 
is distinct from LXs. 
PD1 Blocks Airway Hyper-Responsiveness— 
Because increased airway reactivity is a diagnostic hall 

mark of asthma, it was also determined whether PD1 regu 
lated airway hyper-responsiveness to inhaled methacholine. 
After allergen sensitization and aerosol challenge in the pres 
ence of PD1 (0-200 ng), animals were ventilated and exposed 
(10 sec) to increasing concentrations of inhaled methacho 
line. Consistent with the regulation of airway inflammation, 
PD1 also decreased both peak and average lung resistance in 
response to methacholine (FIG. 16). The log EDoo for the 
mean airway resistance for all three doses of PD1 (2, 20 and 
200 ng) was significantly increased compared with vehicle 
(FIG. 16b). There was a bell-shaped dose response with maxi 
mal protection for PD1 on airway hyper-responsiveness to 
methacholine apparent with lower amounts (2 and 20 ng). 
PD1 displayed no significant impact on the airway responses 
of control animals that received PBS rather than allergen 
(FIG. 16b). In addition, no significant changes in lung 
elastance or compliance were observed with PD1 following 
allergen challenge (data not shown). These results indicate 
that methacholine-induced bronchoconstriction is signifi 
cantly reduced by administration of PD1. 

Impact of PD1 Treatment on Airway Inflammation— 
To more closely mimic the clinical scenario of asthma 

exacerbation, it was next determined whether PD1 could 
dampen established airway inflammation by administration 
after aeroallergen challenge. Mice were sensitized and aller 
gen challenged on four consecutive days. PD1 (20 ng, iv) or 
vehicle (0.9% saline) was then given once a day for three 
additional days and BAL was performed to enumerate cellu 
lar infiltration into the lung. Despite no further aeroallergen 
challenges, animals receiving vehicle still carry a substantial 
number of EOS and Lymphs in BALF at day 21 in our pro 
tocol (FIG. 17). In sharp contrast, PD1 administration led to 
significant decrements in the numbers of total leukocytes, Eos 
and Lymphs in BALFs (FIG. 17). These findings indicated 
that PD1 has the capacity to accelerate resolution of allergic 
airway inflammation. 
PD1 is identified as a natural product of a new C22:6 

signaling pathway during respiratory tract inflammation that 
displays potent counter-regulatory actions on key asthma 
phenotypes, namely airway levels of pro-inflammatory pep 
tide and lipid mediators, airway mucus, leukocyte accumula 
tion and hyper-responsiveness. The present invention pro 
vides for the first identification of 17S-hydroxy-DHA and 
PD1 in human asthma. In addition, airway inflammation trig 
gered PD1 formation in vivo and conversion of C22:6 to PD1 
in lung tissues. Similar to the inflamed airway, generation of 
PD1 occurs elsewhere during multicellular host inflamma 
tory responses, including Alzheimer disease, brain ischemia 
reperfusion injury and activated human whole blood (52, 53. 
66). The biosynthesis of PD1 proceeds via 15-lipoxygenase 
catalyzed conversion of DHA to 17S-hydroperoxy and 
16(17)-epoxide intermediates in activated human leukocytes 
and in Alzheimer's brain and murine cornea (53. 62, 67,68). 
Lipoxygenases and epoxide hydrolases are both prominent 
classes of enzymes in asthmatic lung that are induced by 
pivotal regulators of allergy, including specific T2 cytokines 
(69-72). Potential source(s) for PD1 generation include air 
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way epithelial cells, EOS and other leukocytes, but the defini 
tive cellular and enzymatic source of PD1 in the lung remains 
to be established in future studies. The present invention 
provides that the presence of specialized enzyme systems in 
the lung for this new DHA pathway that convert the omega-3 
fatty acid to biologically active chemical mediators during 
airway inflammation. 

Eosinophilic airway inflammation and airway hyper-re 
sponsiveness are characteristic features of asthma. EOS 
recruitment to the lung in asthma is primarily a consequence 
of T2 lymph activation (50). Because PD1 was identified in 
EBCs in the ng range and this sampling technique likely 
reflects only a small fraction of total PD1 generated in the 
lung, the impact of PD1 was examined in physiologically 
relevant ng quantities. After allergen sensitization and aerosol 
challenge, EOS trafficking was reduced by as little as 2ng of 
PD1. Levels of T2 cytokines in BALF and the number of 
Lymphs in both BALF and lung tissue were decreased. These 
findings provide evidence for potent, concentration-depen 
dent reduction of both T2 Lymphs and EOS responses in 
vivo. Lymph and EOS activation in the lung are held to 
contribute to asthma pathobiology. In addition, neutrophil 
(PMN) activation contributes to the pathogenesis of asthma 
exacerbation (73) and severity (74). PD1 promotes T-lymph 
apoptosis in vitro (67), and PD1 also carries systemic and 
topical anti-inflammatory actions for PMNs in vivo (52, 66). 
In the nervous system, PD1 decreases brain leukocyte infil 
tration, IL-1B-induced NFKB activation and COX-2 expres 
sion to elicit neuroprotection (61, 66). Here, PD1 also damp 
ened hyper-responsiveness to methacholine and mucus 
production in the inflamed airway. The local generation of 
PD1 in allergic inflammation together with counter-regula 
tory properties in the airway broadens its potential cellular 
Sources and actions in vivo to new leukocyte classes and 
tissue resident cells and points to a more generalized counter 
regulatory function as an autacoid in inflammation. 
LXs are also generated in asthma and serve as potent 

inhibitors of both airway inflammation and hyper-responsive 
ness (75). While there is some overlap in the pattern of cytok 
ine regulation for PD1 and a LX stable analog in this murine 
model of asthma, some key differences were observed. First, 
while both mediators blocked IL-13 and CysLT generation 
and had no significant effect on BAL, IL-12 levels (75), the 
inhibitory concentrations of PD1 were 1 to 2 log orders more 
potent than the LX analog. Secondly, IL-5 production was 
reduced by the LX stable analog, but not PD1. Suggesting a 
direct effect of PD1 on EOS, T Lymphs and other effector 
cells. Third, administration of PD1 led to decreased airway 
levels of LXA, suggesting that the circuit for PD1 formation 
and actions is distinct from LX signaling in the murine lung. 
In aggregate, these findings indicate the presence of unique 
homeostatic pathways for DHA derived bioactive mediators 
in the lung. 

It is interesting to note that formation of counter-regulatory 
LXs is defective in severe inflammatory diseases of the air 
ways, including asthma and cystic fibrosis (76-78). DHA 
levels in the respiratory tract are decreased in both of these 
illnesses (55), and here, in comparison to healthy controls, it 
was uncovered that there are lower levels of PD1 during 
human asthma exacerbation. Given its counter-regulatory 
properties, decreased formation of PD1 from low levels of 
DHA would adversely impact control of airway inflammation 
and hyper-responsiveness. While observational studies have 
identified an increased risk of asthma in populations with 
diets low in DHA, interventional trials with DHA supplemen 
tation have not consistently improved clinical outcomes (79), 
despite altering the responses of isolated leukocytes to 
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inflammatory stimuli (80). In contrast, nutritional Supple 
mentation with omega-3 essential fatty acids has proven ben 
eficial in cystic fibrosis and the acute respiratory distress 
syndrome, clinical disorders of excess PMN-mediated 
inflammation (81, 82). Because the molecular rationale for 
these beneficial effects is uncertain, there remain many poten 
tial reasons for the lack of clinical success with DHA feeding 
in asthma, including purity, dose, time course and difficulties 
tolerating the ingestion of large amounts of fish oils for 
extended periods of time (83). After the induction of experi 
mental asthma by aeroallergen challenge, we determined that 
administration of PD1 promoted the resolution of airway 
inflammation. Thus, identification of PD1 as a DHA-derived 
counter-regulatory autacoid in the lung opens the door to new 
mechanism-based therapeutic strategies in airway inflamma 
tion. 

The present results are the first demonstration of PD1 for 
mation in human asthma in vivo from DHA and identify 
direct protective and regulatory roles for this novel mediator 
in allergic inflammation and airway hyper-responsiveness. In 
light of its ability to strongly reduce both of these key asthma 
phenotypes, the PD1 pathway may offer new therapeutic 
approaches for asthma. Moreover, the results indicate that 
endogenous conversion of DHA to PD1 represents a potential 
mechanism for the therapeutic benefits derived from diets 
rich in this omega-3 essential fatty acid in maintaining respi 
ratory homeostasis. 

REFERENCES 

1. Hong, S. K. Gronert, P. Devchand, R.-L. Moussignac, and 
C. N. Serhan. 2003. Novel docosatrienes and 17S-re 
Solvins generated from docosahexaenoic acid in murine 
brain, human blood and glial cells: autacoids in anti-in 
flammation. J. Biol. Chem. 278: 14677-14687. 

2. Mukherjee, P. K.V. L. Marcheselli, C. N. Serhan, and N.G. 
Bazan. 2004. Neuroprotectin D1: a docosahexaenoic acid 
derived docosatriene protects human retinal pigment epi 
thelial cells from oxidative stress. Proc. Natl. Acad. Sci. 
USA 101: 84.91-8496. 

3. Serhan, C. N. S. Hong, K. Gronert, S. P. Colgan, P. R. 
Devchand, G. Mirick, and R.-L. Moussignac. 2002. 
Resolvins: a family of bioactive products of omega-3 fatty 
acid transformation circuits initiated by aspirin treatment 
that counter pro-inflammation signals. J. Exp. Med. 196: 
1025-1037. 

4. Majno, G., and I. Joris. 2004. Cells, Tissues, and Disease: 
Principles of General Pathology. Oxford University Press, 
New York. 

5. Coussens, L. M., and Z. Werb. 2002. Inflammation and 
cancer. Nature 420: 860-867. 

6. Libby, P. 2002. Inflammation in atherosclerosis. Nature 
42O: 868-878. 

7. Weiner, H. L., and D. J. Selkoe. 2002. Inflammation and 
therapeutic vaccination in CNS diseases. Nature 420:879 
884. 

8. Nathan, C. 2002. Points of control in inflammation. Nature 
42O: 846-852. 

9. Samuelsson, B.S. E. Dahlén, J. A. Lindgren, C. A. Rouzer, 
and C. N. Serhan. 1987. Leukotrienes and lipoxins: struc 
tures, biosynthesis, and biological effects. Science 237: 
1171-1176. 

10. McMahon, B., and C. Godson. 2004. Lipoxins: endog 
enous regulators of inflammation. Am. J. Physiol. Renal 
Physiol. 286: F189-F201. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

36 
11. Serhan, C. N. 1994. Lipoxin biosynthesis and its impact in 
inflammatory and vascular events. Biochim. Biophys. Acta 
1212: 1-25. 

12. Wallace, J. L., and S. Fiorucci. 2003. A magic bullet for 
mucosal protection. and aspirin is the trigger Trends Phar 
macol. Sci. 24:323-326. 

13. Levy, B. D., C. B. Clish, B. Schmidt, K. Gronert, and C. N. 
Serhan. 2001. Lipid mediator class Switching during acute 
inflammation: signals in resolution. Nature Immunol. 2: 
612-619. 

14. Godson, C. S. Mitchell, K. Harvey, N. A. Petasis, N. 
Hogg, and H. R. Brady. 2000. Cutting edge: Lipoxins 
rapidly stimulate nonphlogistic phagocytosis of apoptotic 
neutrophils by monocyte-derived macrophages. J. Immu 
nol. 164: 1663-1667. 

15. Maddox, J. F., and C. N. Serhan. 1996. Lipoxin A4 and B4 
are potent stimuli for human monocyte migration and 
adhesion: Selective inactivation by dehydrogenation and 
reduction. J. Exp. Med. 183: 137-146. 

16. Gilroy, D. W., T. Lawrence, M. Perretti, and A. G. Rossi. 
2004. Inflammation resolution: new opportunities for drug 
discovery. Nat. Rev. Drug Discov. 3: 401-416. 

17. Serhan, C. N. 2004. A search for endogenous mechanisms 
of anti-inflammation uncovers novel chemical mediators: 
missing links to resolution. Histochem. Cell Biol. 122: 
305-321. 

18. Serhan, C. N. C. B. Clish, J. Brannon, S. P. Colgan, N. 
Chiang, and K. Gronert. 2000. Novel functional sets of 
lipid-derived mediators with antiinflammatory actions 
generated from omega-3 fatty acids via cyclooxygenase 
2-nonsteroidal antiinflammatory drugs and transcellular 
processing. J. Exp. Med. 192: 1197–1204. 

19. Serhan, C. N. K. Gotlinger, S. Hong, and M. Arita. 2004. 
Resolvins, docosatrienes, and neuroprotectins, novel 
omega-3-derived mediators, and their aspirin-triggered 
endogenous epimers: an overview of their protective roles 
in catabasis. Prostaglandins Other Lipid Mediat. 73: 155 
172. 

20. Burr, G. O., and M. M. Burr. 1929. A new deficiency 
disease produced by the rigid exclusion offat from the diet. 
J. Biol. Chem. 82: 345. 

21. Camuesco, D., J. Galvez, A. Nieto, M. Comalada, M. E. 
Rodriguez-Cabezas, A. Concha, J. Xaus, and A. Zarzuelo. 
2005. Dietary olive oil supplemented with fish oil, rich in 
EPA and DHA (n-3) polyunsaturated fatty acids, attenuates 
colonic inflammation in rats with DSS-induced colitis. J. 
Nutr. 135: 687-694. 

22. Billman, G. E., J.X. Kang, and A. Leaf 1999. Prevention 
of Sudden cardiac death by dietary pure w-3 polyunsatu 
rated fatty acids in dogs. Circulation 99: 2452-2457. 

23. Marchioli, R., F. Barzi, E. Bomba, C. Chieffo, D. Di 
Gregorio, R. Di Mascio, M. G. Franzosi, E. Geraci, G. 
Levantesi, A. P. Maggioni, L. Mantini, R. M. Marfisi. G. 
Mastrogiuseppe, N. Mininni, G. L. Nicolosi, M. Santini, C. 
Schweiger, L. Tavazzi, G. Tognoni, C. Tucci, and F. Vala 
gussa. 2002. Early protection against Sudden death by n-3 
polyunsaturated fatty acids after myocardial infarction: 
time-course analysis of the results of the Gruppo Italiano 
per lo Studio della Sopravvivenza nell'Infarto Miocardico 
(GISSI)-Prevenzione. Circulation 105: 1897-1903. 

24. Holub, D. J., and B. J. Holub. 2004. Omega-3 fatty acids 
from fish oils and cardiovascular disease. Mol. Cell. Bio 
chem. 263: 217-225. 

25. Engler, M. M., M. B. Engler, M. Malloy, E. Chiu, D. 
Besio, S. Paul, M. Stuehlinger, J. D. Morrow, P. M. Ridker, 
N. Rifai, and M. Mietus-Snyder. 2004. Docosahexaenoic 



US 9,364,454 B2 
37 

acid restores endothelial function in children with hyper 
lipidemia: results from the EARLY study. Int. J. Clin. Phar 
macol. Ther. 42: 672-679. 

26. Lim, G. P. F. Calon, T. Morihara, F. Yang, B. Teter, O. 
Ubeda, N. Salem, Jr., S. A. Frautschy, and G. M. Cole. 
2005. A diet enriched with the omega-3 fatty acid docosa 
hexaenoic acid reduces amyloid burden in an aged Alzhe 
imer mouse model. J. Neurosci. 25: 3032-3040. 

27. Bazan, N. G. 1990. Supply of n-3 polyunsaturated fatty 
acids and their significance in the central nervous system. 
In Nutrition and the Brain, Vol. 8. R. J. Wurtman, and J. J. 
Wurtman, eds. Raven Press, New York. 1-22. 

28. Salem, N., Jr., B. Litman, H.-Y. Kim, and K. Gawrisch. 
2001. Mechanisms of action of docosahexaenoic acid in 
the nervous system. Lipids 36: 945-959. 

29. Bazan, N.G. D. L. Birkle, and T. S. Reddy. 1984. Docosa 
hexaenoic acid (22:6. n-3) is metabolized to lipoxygenase 
reaction products in the retina. Biochem. Biophys. Res. 
Commun. 125: 741-747. 

30. Sawazaki, S., N. Salem, Jr., and H.-Y. Kim. 1994. Lipoxy 
genation of docosahexaenoic acid by the rat pineal body. J. 
Neurochem. 62: 2437-2447. 

31. Bannenberg, G. L., N. Chiang, A. Ariel, M. Arita, E. 
Tonahen, K. H. Gotlinger, S. Hong, and C. N. Serhan. 
2005. Molecular circuits of resolution: Formation and 
actions of resolvins and protectins.J. Immunol. 174: 4345 
4355. 

32. Marcheselli, V. L., S. Hong, W. J. Lukiw, X. Hua Tian, K. 
Gronert, A. Musto, M. Hardy, J. M. Gimenez, N. Chiang, 
C. N. Serhan, and N. G. Bazan. 2003. Novel docosanoids 
inhibit brain ischemia-reperfusion-mediated leukocyte 
infiltration and pro-inflammatory gene expression. J. Biol. 
Chem. 278: 438.07-43817. 

33. Belayev, L. V. L. Marcheselli, L. Khoutorova, E. B. 
Rodriguez de Turco, R. Busto, M. D. Ginsberg, and N. G. 
Bazan. 2005. Docosahexaenoic acid complexed to albumin 
elicits high-grade ischemic neuroprotection. Stroke 36: 
118-123. 

34. Gronert, K., N. Maheshwari, N. Khan, I. R. Hassan, M. 
Dunn, and M. L. Schwartzman. 2005. A role for the mouse 
12/15-lipoxygenase pathway in promoting epithelial 
wound healing and host defense. J. Biol. Chem. 280: 
15267-15278. 

35. Hong, S., E. Tonahen, E. L. Morgan, L. Yu, C. N. Serhan, 
and A. F. Rowley. 2005. Rainbow trout (Oncorhynchus 
mykiss) brain cells biosynthesize novel docosahexaenoic 
acid-derived resolvins and protectins-mediator lipidomic 
analysis. Prostaglandins Other Lipid Mediat. in press 
(Epub Jun. 13, 2005). 

36. Lu, Y. S. Hong, E. Tonahen, and C. N. Serhan. 2005. 
Mediator-lipidomics: databases and search algorithms for 
PUFA-derived mediators. J. Lipid Res. 46: 790-802. 

37. Serhan, C. N. 2004. Resolvins: biotemplates for novel 
therapeutic interventions. U.S. Patent Application Publica 
tion 2004/0116408 A1, Jun. 17, 2004 (sections 0400 
0404). Previously filed on Aug. 12, 2002 as U.S. Provi 
sional Application Ser. No. 60/402.798. 

38. Serhan, C. N., and C. B. Clish. 2003. Aspirin-triggered 
lipid mediators. U.S. Pat. No. 6,670,396 B2, Dec. 30, 2003. 

39. Serhan, C. N., K. C. Nicolaou, S. E. Webber, C. A. Veale, 
S. E. Dahlen, T. J. Puustinen, and B. Samuelsson. 1986. 
Lipoxin A. Stereochemistry and biosynthesis. J Biol Chem 
261: 16340-16345. 

40. Gronert, K., C. B. Clish, M. Romano, and C. N. Serhan. 
1999. Transcellular regulation of eicosanoid biosynthesis. 
In Eicosanoid Protocols. E. A. Lianos, ed. Humana Press, 
Totowa, N.J. 119-144. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

38 
41. Serhan, C. N. J. F. Maddox. N. A. Petasis, I. Akritopou 

lou-Zanze, A. Papayianni, H. R. Brady, S. P. Colgan, and J. 
L. Madara. 1995. Design of lipoxin A4 stable analogs that 
block transmigration and adhesion of human neutrophils. 
Biochemistry 34: 14609-14615. 

42. Maas, R. L., J. Turk, J. A. Oates, and A. R. Brash. 1982. 
Formation of a novel dihydroxy acid from arachidonic acid 
by lipoxygenase-catalyzed double oxygenation in rat 
mononuclear cells and human leukocytes. J. Biol. Chem. 
257: 7056-7O67. 

43. Serhan, C. N. 1989. On the relationship between leukot 
riene and lipoxin production by human neutrophils: evi 
dence for differential metabolism of 15-HETE and 
5-HETE. Biochim. Biophys. Acta 1004: 158-168. 

44. Serhan, C. N., and B. Samuelsson. 1988. Lipoxins: a new 
series of eicosanoids (biosynthesis, Stereochemistry, and 
biological activities). Adv. Exp. Med. Biol. 229: 1-14. 

45. Arita, M., M. Yoshida, S. Hong, E.Tomahen, J. N. Glick 
man, N. A. Petasis, R. S. Blumberg, and C. N. Serhan. 
2005. Resolvin E1, a novel endogenous lipid mediator 
derived from omega-3 eicosapentaenoic acid, protects 
against TNBS-induced colitis. Proc. Natl. Acad. Sci. USA 
102: 7671-7676. 

46. Kuhn, H., A. R. Brash, R. Wiesner, and L. Alder. 1988. 
Lipoxygenase catalyzed oxygenation of hydroxy fatty 
acids to lipoxins. Adv. Exp. Med. Biol. 229: 39-49. 

47. Whelan, J. 1988. Arachidonic acid cascade: the 5-lipoxy 
genase pathway. Ph.D. thesis, Department of Nutrition, 
Pennsylvania State University, University Park. 

48. Whelan, J., P. Reddanna, V. Nikolaev, G. R. Hildenbrandt, 
and T. S. Reddy. 1990. The unique characteristics of the 
purified 5-lipoxygenase from potato tubers and the pro 
posed mechanism of formation of leukotrienes and 
lipoxins. In Biological Oxidation Systems, Vol. 2. Aca 
demic Press. 765-778. 

49. Butovich, I. A., M. Hamberg, and O. Radmark. 2005. 
Novel oxylipins formed from docosahexaenoic acid by 
potato lipoxygenase-10(S)-hydroxydocosahexaenoic 
acid and 10.20-dihydroxydocosahexaenoic acid. Lipids 
40: 249-257. 

50. Busse, W.W., and R. F. Lemanske, Jr. 2001. Asthma. New 
England Journal of Medicine 344:350-362. 

51. Levy, B.D. 2005. Lipoxins and lipoxin analogs in asthma. 
Prostaglandins Leukot Essent Fatty Acids 73:231-237. 

52. Hong, S. K. Gronert, P. R. Devchand, R. L. Moussignac, 
and C. N. Serhan. 2003. Novel docosatrienes and 17S 
resolvins generated from docosahexaenoic acid in murine 
brain, human blood, and glial cells. Autacoids in anti 
inflammation. Journal of Biological Chemistry. 278: 
14677-14687. 

53. Lukiw, W.J., J. G. Cui, V. L. Marcheselli, M. Bodker, A. 
Botkjaer, K. Gotlinger, C. N. Serhan, and N. G. Bazan. 
2005. A role for docosahexaenoic acid-derived neuropro 
tectin D1 in neural cell survival and Alzheimer disease. J 
Clin Invest. 115:2774-2783. 

54. Serhan, C. N. S. Hong, K. Gronert, S. P. Colgan, P. R. 
Devchand, G. Mirick, and R. L. Moussignac. 2002. 
Resolvins: a family of bioactive products of omega-3 fatty 
acid transformation circuits initiated by aspirin treatment 
that counter proinflammation signals. Journal of Experi 
mental Medicine. 196:1025-1037. 

55. Freedman, S. D., P. G. Blanco, M. M. Zaman, J. C. Shea, 
M. Ollero, I. K. Hopper, D. A. Weed, A. Gelrud, M. M. 
Regan, M. Laposata, J. G. Alvarez, and B. P. O'Sullivan. 
2004. Association of cystic fibrosis with abnormalities in 
fatty acid metabolism. New England Journal of Medicine. 
350:560-569. 



US 9,364,454 B2 
39 

56. Peat, J. K., C. M. Salome, and A. J. Woolcock. 1992. 
Factors associated with bronchial hyperresponsiveness in 
Australian adults and children. Eur RespirJ 5:921-929. 

57. Schwartz, J., and S. T. Weiss. 1994. The relationship of 
dietary fish intake to level of pulmonary function in the first 
National Health and Nutrition Survey (NHANES I). Eur 
Respir J 7:1821-1824. 

58. Peat, J. K. S. Mihrshahi, A. S. Kemp, G. B. Marks, E. R. 
Tovey, K. Webb, C. M. Mellis, and S. R. Leeder. 2004. 
Three-year outcomes of dietary fatty acid modification and 
house dust mite reduction in the Childhood Asthma Pre 

vention Study. J Allergy Clin Immunol 114:807-813. 
59. Henson, P. M. 2005. Dampening inflammation. Nature 

Immunology. 6: 1179-1181. 
60. Serhan, C. N., and J. Savill. 2005. Resolution of inflam 

mation: the beginning programs the end. Nature Immunol 
ogy. 6:1199-1205. 

61. Mukherjee, P. K. V. L. Marcheselli, C. N. Serhan, and N. 
G. Bazan. 2004. Neuroprotectin D1: a docosahexaenoic 
acid-derived docosatriene protects human retinal pigment 
epithelial cells from oxidative stress. Proceedings of the 
National Academy of Sciences of the United States of 
America 101:8491-8496. 

62. Serhan, C. N. K. Gotlinger, S. Hong, Y. Lu, J. Siegelman, 
T. Baer, R. Yang, S. P. Colgan, and N. A. Petasis. 2006. 
Anti-inflammatory actions of neuroprotectin D1/protectin 
D1 and its natural stereoisomers: assignments of dihy 
droxy-containing docosatrienes. J. Immunol. 176:1848 
1859. 

63. Wills-Karp, M., J. Luyimbazi, X. Xu, B. Schofield, T.Y. 
Neben, C. L. Karp, and D. D. Donaldson. 1998. Interleu 
kin-13: central mediator of allergic asthma. Science. 282: 
2258-2261. 

64. Vachier, I., M. Kumlin, S. E. Dahlen, J. Bousquet, P. 
Godard, and P. Chanez. 2003. High levels of urinary leu 
kotriene E4 excretion insteroid treated patients with severe 
asthma. Respiratory Medicine 97: 1225-1229. 

65. Matsuoka, T., M. Hirata, H. Tanaka, Y. Takahashi, T. 
Murata, K. Kabashima, Y. Sugimoto, T. Kobayashi, F. Ush 
ikubi, Y. Aze, N. Eguchi, Y. Urade, N.Yoshida, K. Kimura, 
A. Mizoguchi, Y. Honda, H. Nagai, and S. Narumiya. 2000. 
Prostaglandin D2 as a mediator of allergic asthma. Sci 
ence. 287:2013-2017. 

66. Marcheselli, V. L., S. Hong, W. J. Lukiw, X. H. Tian, K. 
Gronert, A. Musto, M. Hardy, J. M. Gimenez, N. Chiang, 
C. N. Serhan, and N. G. Bazan. 2003. Novel docosanoids 
inhibit brain ischemia-reperfusion-mediated leukocyte 
infiltration and pro-inflammatory gene expression. Journal 
of Biological Chemistry. 278:438.07-43817. 

67. Ariel, A., P. L. Li, W. Wang, W. X. Tang, G. Fredman, S. 
Hong, K. H. Gotlinger, and C. N. Serhan. 2005. The doco 
satriene protectin D1 is produced by TH2 skewing and 
promotes human T cell apoptosis via lipid raft clustering. J 
Biol. Chem. 280:43,079-43086. 

68. Gronert, K., N. Maheshwari, N. Khan, I. R. Hassan, M. 
Dunn, and M. Laniado Schwartzman. 2005. A role for the 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

40 
mouse 12/15-lipoxygenase pathway in promoting epithe 
lial wound healing and host defense. J Biol. Chem. 280: 
15267-15278. 

69. Nassar, G.M., J. D. Morrow, L.J. d. Roberts, F. G. Lakkis, 
and K. F. Badr. 1994. Induction of 15-lipoxygenase by 
interleukin-13 in human blood monocytes. Journal of Bio 
logical Chemistry 269:27631-27634. 

70. Pouliot, M., P. P. McDonald, L. Khamzina, P. Borgeat, and 
S. R. McColl. 1994. Granulocyte-macrophage colony 
stimulating factor enhances 5-lipoxygenase levels in 
human polymorphonuclear leukocytes. Journal of Immu 
nology 152:851-858. 

71. Munafo, D. A. K. Shindo, J. R. Baker, and T. D. Bigby. 
1994. Leukotriene A4 hydrolase in human bronchoalveo 
lar lavage fluid. Journal of Clinical Investigation.93: 1042 
105O. 

72. Zaitsu, M.Y. Hamasaki, M. Matsuo, A. Kukita, K. Tsuji, 
M. Miyazaki, R. Hayasaki, E. Muro, S. Yamamoto, I. 
Kobayashi, T. Ichimaru, O. Kohashi, and S. Miyazaki. 
2000. New induction of leukotriene A(4) hydrolase by 
interleukin-4 and interleukin-13 in human polymorpho 
nuclear leukocytes. Blood. 96.601-609. 

73. Fahy, J. V. K. W. Kim, J. Liu, and H. A. Boushey. 1995. 
Prominent neutrophilic inflammation in sputum from sub 
jects with asthma exacerbation. Journal of Allergy & Clini 
cal Immunology.95:843-852. 

74. Wenzel, S. E., S.J. Szefler, D.Y. Leung, S.I. Sloan, M.D. 
Rex, and R. J. Martin. 1997. Bronchoscopic evaluation of 
severe asthma. Persistent inflammation associated with 

high dose glucocorticoids. American Journal of Respira 
tory & Critical Care Medicine. 156:737-743. 

75. Levy, B. D., G. T. DeSanctis, P. R. Devchand, E. Kim, K. 
Ackerman, B. A. Schmidt, W. Szczeklik, J. M. Drazen, and 
C. N. Serhan. 2002. Multi-pronged inhibition of airway 
hyper-responsiveness and inflammation by lipoxin A(4). 
Nature Medicine. 8:1018-1023. 

76. Karp, C. L., L. M. Flick, K.W. Park, S. Softic, T. M. Greer, 
R. Keledjian, R. Yang, J. Uddin, W. B. Giggino, S. F. 
Atabani, Y. Belkaid, Y. Xu, J. A. Whitsett, F. J. Accurso, M. 
Wills-Karp, and N. A. Petasis. 2004. Defective lipoxin 
mediated anti-inflammatory activity in the cystic fibrosis 
airway. Nature Immunology. 5:388-392. 

77. Levy, B. D., C. Bonnans, E. S. Silverman, L. J. Palmer, G. 
Marigowda, and E. Israel. 2005. Diminished Lipoxin Bio 
synthesis in Severe Asthma. Am J Respir Crit. Care Med 
172: 824-83O. 

78. Sanak, M., B. D. Levy, C. B. Clish, N. Chiang, K. Gronert, 
L. Mastalerz, C. N. Serhan, and A. Szczeklik. 2000. Aspi 
rin-tolerant asthmatics generate more lipoxins than aspi 
rin-intolerant asthmatics. European Respiratory Journal. 
16:44-49. 

79. Woods, R. K., F. C. Thien, and M. J. Abramson. 2002. 
Dietary marine fatty acids (fish oil) for asthma in adults and 
children. update of Cochrane Database Syst Rev. 2000; 
(4): CD001283; PMID: 11034708). Cochrane Database of 
Systematic Reviews. CD001283. 



US 9,364,454 B2 
41 

80. Lee, T. H., J. M. Mencia-Huerta, C. Shih, E. J. Corey, R. 
A. Lewis, and K. F. Austen. 1984. Effects of exogenous 
arachidonic, eicosapentaenoic, and docosahexaenoic acids 
on the generation of 5-lipoxygenase pathway products by 
ionophore-activated human neutrophils. Journal of Clini 
cal Investigation. 74: 1922-1933. 

(I) 

(IV) 

81. Beckles Willson, N., T. M. Elliott, and M. L. Everard. 
2002. Omega-3 fatty acids (from fish oils) for cystic fibro 
sis. Cochrane Database of Systematic Reviews. 
CDOO22O1. 

82. Gadek, J. E., S.J. DeMichele, M.D. Karlstad, E. R. Pacht, 
M. Donahoe, T. E. Albertson, C. Van Hoozen, A. K. Wen 
nberg, J. L. Nelson, and M. Noursalehi. 1999. Effect of 
enteral feeding with eicosapentaenoic acid, gamma-lino 
lenic acid, and antioxidants in patients with acute respira 
tory distress syndrome. Enteral Nutrition in ARDS Study 
Group. Critical Care Medicine. 27:1409-1420. 

83. Spector, S. L., and M. E. Surette. 2003. Diet and asthma: 
has the role of dietary lipids been overlooked in the man 
agement of asthma? Annals of Allergy, Asthma, & Immu 
nology.90:371-377. 
Although the present invention has been described with 

reference to preferred embodiments, persons skilled in the art 
will recognize that changes may be made in form and detail 
without departing from the spirit and scope of the invention. 
All references cited throughout the specification, including 
those in the background, are incorporated herein in their 
entirety. Those skilled in the art will recognize, or be able to 
ascertain, using no more than routine experimentation, many 
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equivalents to specific embodiments of the invention 
described specifically herein. Such equivalents are intended 
to be encompassed in the scope of the following claim. 
We claim: 
1. A purified compound of formula (I), (III), (IV), (V), or 

(VIII): 

(III) 

COOR, 

(V) 

O 

(VIII) 

wherein R is a hydrogen atom, an alkyl group, or a phar 
maceutically acceptable salt; P and P are each, indi 
vidually, a hydrogen atom or a protecting group and * 
indicates bonds are, independently, in the R or S con 
figuration. 

2. The compound of claim 1, wherein when P and P are 
both hydrogen atoms, then R is other than a hydrogen atom. 

3. The compound of claim 1, wherein P, and P. are each 
hydrogen atoms and R is a hydrogen atom. 

4. A composition comprising a compound of claim 1, and 
a pharmaceutically acceptable carrier. 

5. A method to treat airway inflammation comprising 
administration of a therapeutically acceptable amount of a 
compound of claim 1. 

6. The method of claim 5, wherein P, and P are each 
hydrogen atoms and R is a hydrogen atom. 

7. The method of claim 5, wherein said airway inflamma 
tion is asthma. 

8. The method of claim 5, wherein when P and P. are both 
hydrogen atoms, then R is other than a hydrogen atom. 

9. A method to treat airway inflammation comprising 
administration of a therapeutically acceptable amount of a 
composition of claim 4. 

10. The method of claim 9, wherein P and P are each 
hydrogen atoms and R is a hydrogen atom. 
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11. The method of claim 9, wherein said airway inflamma 
tion is asthma. 

12. The method of claim 5, wherein P and P are each 
hydrogen atoms and R is a hydrogen atom. 

13. The method of claim 5, wherein said airway inflamma- 5 
tion is asthma. 
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